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Resumo 
 
 
Introdução 
Atualmente, as doenças músculo-esqueléticas são a principal causa de incapacidade em 
todo o mundo. As fraturas de fragilidade, frequentemente associadas à osteoporose, são um 
crescente problema para a sociedade devido à mortalidade e morbilidade associadas. 
Assumindo uma abordagem de ciclo de vida, coloca-se a hipótese de que tanto a infância 
como a adolescência são períodos sensíveis para a formação de massa óssea, bem como 
para a saúde óssea na vida adulta. Assim, pensa-se que melhorias na qualidade óssea na 
infância resultam no retardamento do risco de fratura na vida adulta. Como consequência, a 
qualidade óssea em idades pediátricas tem sido consideravelmente estudada nas últimas 
décadas. Para além disso, a ampla disponibilidade da densitometria de dupla energia de 
raios-X (DXA), um método não invasivo para a avaliação da densidade e conteúdo mineral 
ósseo, promoveu também a investigação da saúde óssea em crianças.  
 
Objetivos 
 
 Objetivo I: Explorar a concordância entre medidas periféricas e medidas de corpo 
inteiro de densitometria de dupla energia de raios-X e determinar a capacidade preditiva das 
medidas das propriedades físicas do osso para o risco de fratura em qualquer região 
anatómica. 
 Objetivo II: Estudar a frequência de fraturas na coorte de nascimentos Geração XXI e 
estimar a associação entre as propriedades físicas do osso e fratura estratificada por níveis 
de atividade física. 
 
Métodos 
 
Objetivo I 
Foram utilizados dados de uma subamostra de crianças da coorte Geração XXI que 
realizaram uma densitometria de dupla energia de raios-X de corpo inteiro, bem como um 
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exame periférico do antebraço (n=1177 exames válidos). O exame de corpo inteiro permitiu 
obter o conteúdo mineral ósseo (CMO) e a densidade mineral óssea (DMO) da medida 
subtotal e da coluna lombar, e a DMO do braço esquerdo. O exame periférico permitiu 
determinar a densidade mineral óssea do antebraço. A história de fraturas foi reportada 
pelos pais. Foram calculados z-scores específicos para as propriedades físicas do osso 
estratificados por sexo. A análise de concordância foi realizada com o método Bland-Altman. 
Para além disso, foi calculado o kappa de Cohen com ponderação linear, assim como o 
respetivo intervalo de confiança a 95% (IC 95%), dado que este permite obter a 
concordância para lá daquela que é esperada devido ao acaso. De modo a determinar a 
capacidade preditiva das propriedades físicas do osso para determinar o risco de fratura 
estimaram-se receiver operator characteristic (ROC) curves, a área sob a curva (AUC) e os 
respetivos IC 95%. Calculamos ainda, likelihood ratios e o respetivo intervalo de confiança a 
95%. 
 
Objetivo II 
Utilizamos informação de 5843 crianças da Geração XXI avaliadas aos 7 anos de idade 
(51.3% rapazes). A história de fraturas, o tempo passado em atividades não estruturadas e 
na prática desportiva foram reportados pelos pais. O conteúdo mineral ósseo (CMO) e a 
densidade mineral óssea (DMO) da medida subtotal e da coluna lombar foram determinados 
com densitometria de dupla energia de raios-X (n=2420). A ocorrência de fraturas na coorte 
foi descrita recorrendo à utilização de frequências. A análise estatística foi estratificada por 
sexo e foram calculados z-scores para DMO e CMO. Através de regressões logísticas foram 
estimados odds ratio (OR) tanto brutos como ajustados para o peso, a altura e a idade, 
assim como os respetivos intervalos de confiança a 95%. Foram também estimadas 
regressões lineares para calcular as médias da CMO e DMO ajustadas para o peso, altura e 
idade. 
 
Resultados 
 
Objetivo I 
Os limites de concordância (LDC) entre a medida periférica e medidas centrais das 
propriedades físicas do osso são extremamente largos: DMO subtotal vs. periférica: -1.87 a 
1.87 desvios-padrão, DMO coluna lombar vs. periférica: -2.20 a 2.20 desvios-padrão, DMO 
braço esquerdo vs. periférica: -1.96 a 1.96 desvios-padrão. Os LDC para as medidas 
3 
 
centrais mostraram-se semelhantes aos anteriores (DMO subtotal vs. coluna lombar: -1.65 a 
1.65 desvios-padrão, DMO braço esquerdo vs. coluna lombar: -1.95 a 1.95 desvios-padrão), 
exceto para a DMO subtotal vs. braço esquerdo (-0.88 a 0.88 desvios-padrão). O kappa de 
Cohen assumiu valores inferiores a 0.40 o que demonstra uma baixa concordância, com 
exceção da DMO subtotal e do braço esquerdo cujo valor de kappa foi de 0.70 (0.68-0.71). 
As propriedades físicas do osso não demonstraram ter qualquer capacidade preditiva em 
relação à história de fratura, uma vez que a área sob a curva foi inferior a 0.50 para todas as 
medidas. 
 
Objetivo II 
Na coorte verificou-se uma prevalência de fraturas de 6.4%, com uma maior frequência nos 
membros superiores (76.3%). As propriedades físicas do osso revelaram-se protetoras do 
risco de fratura, mas apenas para níveis mais elevados de atividade não estruturada (> 660 
min) nas raparigas (OR (95%CI): CMO subtotal: 0.25 (0.10-0.64), DMO subtotal: 0.16 (0.05-
0.46), DMO coluna lombar: 0.40 (0.22-0.74)). Nos rapazes, verificaram-se resultados 
semelhantes no quartil mais elevado de atividade física estruturada (OR (95% CI): CMO 
subtotal: 0.40 (0.16-1.00), CMO coluna lombar: 0.51 (0.27-0.96)). 
 
Conclusões 
Neste estudo verificou-se que a medida periférica das propriedades físicas do osso não 
substitui de forma adequada as medidas centrais. Para além do mais, verificou-se ainda que 
a medida periférica não tem capacidade preditiva para determinar o risco de fratura em 
crianças num estado pré-pubertário. Este estudo demonstra que a medida periférica das 
propriedades físicas do osso tem uma utilidade bastante limitada, tanto para a investigação 
do desenvolvimento dito normal do osso, como para a decisão clínica. Quanto às medidas 
centrais das propriedades físicas do osso, se tivermos em conta o nível de atividade física, é 
possível verificar um efeito protetor da qualidade óssea no risco de fratura para aqueles que 
se encontram no nível mais elevado de atividade.  
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Abstract 
 
 
Introduction 
Nowadays, musculoskeletal conditions are the leading cause of disability worldwide. Fragility 
fractures, as a consequence of osteoporosis, are an increasing problem in today’s society 
due to the associated mortality and morbidity. Under the assumption of a life course 
approach to chronic disease causation, it is hypothesized that childhood and adolescence 
are sensitive periods for bone mass acquisition and bone health in adulthood. Thus, 
improvements in bone quality in childhood are hypothesized to result in delayed fracture risk 
in older ages. As a consequence, bone quality in pediatric ages has been extensively studied 
in the last decades. Wide availability of dual x-ray energy absorptiometry (DXA), a non-
invasive method to assess bone mineral content and bone mineral density, has also 
contributed to promoted research on pediatric bone health.  
 
Objectives 
 
 Objective I: To explore the agreement between peripheral and whole body dual x-ray 
energy absorptiometry (DXA) measures and to assess the ability of DXA-derived bone 
physical properties to predict fracture risk at all sites. 
 Objective II: To study fracture occurrence in the Generation XXI birth cohort and to 
estimate associations between bone physical properties and fracture by levels of physical 
activity. 
 
Methods 
Objective I 
We used data from a subsample of children from the Generation XXI cohort who underwent 
both a whole-body dual-energy X-ray absorptiometry and a peripheral scan of the forearm 
(n=1177 valid scans). Whole-body scans provided subtotal and lumbar spine bone mineral 
content (BMC) and bone mineral density (BMD) and left arm BMD measures, whereas 
peripheral scan provided forearm BMD. Fracture history was reported by parents. We 
computed sex-specific z-scores for bone physical properties. Analysis of agreement was 
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conducted using the Bland-Altman method. Also, Cohen’s linear weighted kappa (κ) and the 
respective 95% confidence intervals (95% CIs) were also computed to account for the 
agreement due to chance. We estimated receiver operator characteristic (ROC) curves and 
the area under the curves (AUC) as well as their 95% CIs to assess the accuracy of bone 
physical properties to predict fracture. Likelihood ratios with the respective 95% CIs were 
also computed. 
 
Objective II 
We used cross-sectional data collected at 7 years of age from 5843 children of Generation 
XXI cohort (51.3% boys). Fracture history, time spent in active plays and time spent in sports 
practice were reported by parents. Subtotal and lumbar spine bone mineral content (BMC) 
and bone mineral density (BMD) were measured by dual-energy X-ray absorptiometry in a 
subsample (n=2420). Frequencies were used to describe fracture occurrence in the cohort. 
Statistical analysis was stratified by sex and BMC/BMD z-scores were computed. Logistic 
regression was performed to estimate odds ratios (OR), crude and adjusted for weight, 
height and age with 95% confidence intervals (95%CI). Linear regression was used to 
estimate BMC and BMD means adjusted for weight, height and age. 
 
Results 
 
Objective I 
The limits of agreement (LOA) were remarkably wide for the comparison of central vs 
peripheral measures of bone mineral density (BMD): subtotal vs. peripheral BMD: -1.87 to 
1.87 SD, lumbar spine vs. peripheral BMD: -2.20 to 2.20 SD, left arm vs. peripheral BMD: -
1.96 to 1.96 SD. For central measures the LOA were similar to the previous (subtotal vs. 
lumbar spine BMD: -1.65 to 1.65 SD, left arm vs. lumbar spine BMD: -1.95 to 1.95 SD), 
except for subtotal vs. left arm BMD (-0.88 to 0.88 SD). Cohen’s kappa were generally weak 
with values below 0.40; for subtotal vs. left arm BMD kappa was 0.70 (0.68-0.71). Bone 
physical properties lacked predictive ability for fracture at all sites since the area under the 
curve was close to 0.50 for all measures. 
 
Objective II 
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The lifetime prevalence of fractures in the cohort was 6.4% and the majority of fractures 
occurred at the upper limb (76.3%). Bone physical properties were protective of fracture for 
the highest level of active plays (>660 min) in girls (OR (95% CI): subtotal BMC: 0.25 (0.10-
0.64), subtotal BMD: 0.16 (0.05-0.46), lumbar spine BMD: 0.40 (0.22-0.74)). In boys, similar 
results were found for the highest quartile of time spent in sports practice (OR (95% CI): 
subtotal BMC: 0.40 (0.16-1.00), lumbar spine BMC: 0.51 (0.27-0.96)). 
 
Conclusions 
In the present study we observed that peripheral bone physical properties measures are not 
good substitutes of central measures. In addition, we verified that the peripheral measure 
also lacked predictive capacity in determining fracture risk in prepubertal children. Thus, this 
study provides evidence that peripheral measures of bone physical properties have limited 
utility, either for research on normal bone development or as a basis for clinical decision. 
Regarding, central measures of bone physical properties, when accounting for the level of 
physical activity a protective effect of bone quality on fracture risk was observed for those in 
the highest level of activity.  
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Musculoskeletal conditions are one of the most common causes of pain and disability. In 
fact, the Global Burden of Disease Study 2013 showed that musculoskeletal conditions 
represent 19.1% of years of life lost due to disability (YLD), which corresponds to an increase 
of 60.7% since 1990 [1]. These conditions are associated with the ageing process and have 
relatively low mortality rates. However, due to the substantial increase in life expectancy, 
musculoskeletal conditions have become a relevant public health issue especially in high-
income countries since they result in individual but also social burden – health and financial 
system [2]. 
Among musculoskeletal conditions osteoporosis has been widely studied as a consequence 
of its association with fragility fractures. Fragility fractures are common at older ages (after 50 
years of age) and are highly disabling due to their long recovery process. Fractures at this 
life period have an incidence rate ranging from 9.0 to 22.8/1000 person-years [3]; only during 
childhood and adolescence fracture incidence is as high, reaching an incidence of 13.3/1000 
person-years [4]. Furthermore, childhood and adolescence have been hypothesized to be 
sensitive periods for the development of the skeleton and to bone health in adulthood. 
Therefore, under the light of a life course approach to chronic disease causation, fracture 
occurrence in pediatric ages has been widely studied in the last decades. The widespread 
availability of the gold-standard method - dual energy x-ray absorptiometry (DXA) - to assess 
bone physical properties has also contributed to encourage the study of pediatric bone 
health. 
The ultimate goal of approaching bone health at such early periods is to understand if 
fractures at this point are an early marker of skeletal fragility, i.e. if fractures also result from 
decreased bone quality. Thus, the study of pediatric bone health has been perceived as a 
possible intervention point in order to prevent bone fragility in adulthood and its associated 
burden. 
  
12 
 
1. Fractures in adulthood 
A fracture occurs when the load applied to the bone exceeds its ability to resist it. The 
distribution of the age of fracture reaches a peak at older ages (Figure 1). Fractures at this 
period result mainly from the deterioration of the skeleton. Additionally, older people have 
increasing difficulty in moving around, which makes them particularly prone to falls 
contributing to higher probabilities of fracturing [2]. 
Fragility fractures are generally classified as those that result from a low-energy trauma such 
as a fall from a standing height, stairs, steps or curbs; or from moderate trauma, for instance 
a collision with an object during daily routine activities. However, as these are particularly 
frequent in older ages, fragility fractures can also be described as those occurring at a site 
that is associated with decreased bone physical properties and whose incidence increases 
after the age of 50 [5]. The anatomical sites characteristic of skeletal fragility are the hip, the 
lumbar spine and the distal forearm. Moreover, hip fractures have become the standard to 
measure the burden of fragility fractures as these nearly always result in hospital admission 
and are also a cause of great disability, temporary or even permanent [6]. 
Besides the age effect observed in fracture trends, these are also characterized by a gender 
effect: women are more likely to sustain fragility fractures than men. Indeed, the women to 
men ratio reported in the literature ranges from 2:1 to 4:1 [7]. One of the explanations 
advanced to this fact is that women go through menopause, which leads to a substantial 
decrease of estrogens levels, and these play an important role in bone metabolism by 
inhibiting bone resorption. Thus, once estrogens levels drop, bone resorption will be favored 
over bone formation, causing loss of bone mass [8]. 
Trends of hip fragility fractures vary markedly throughout countries. For instance, 
Scandinavia presents some of the highest rates of hip fractures worldwide; there are studies 
reporting an increase in the age- and sex-adjusted hip fracture rate from 430/100,000 
person-years to 650/100,000 person-years from 1965 up to 1980 [9]. More recently, studies 
show a decrease in sex-specific rate after the age of 50 [10]. Similarly, in the United Kingdom 
(UK) incidence rate of hip fracture was shown to increase between 1968 and 1979 in 61% in 
women and in 73% in men; after this time interval a plateau was reached. Also in Denmark, a 
decrease of 17% in the incidence of hip fractures between 1997 and 2006 was reported [11]. 
In turn, in southern European countries the incidence rate of hip fractures has not stabilized 
yet. For instance, a study performed in Gran Canaria, Spain, reported a decrease in the 
incidence of fractures in men, while in women incidence rates are still increasing [12]. 
Another study in Spain showed that incidence rates are decreasing in younger ages (65-79) 
but increasing at older ages (after 80 years of age) [13]. 
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Besides their frequency, hip fractures are also relevant due to their associated 
consequences: recovery periods are long and are associated with high mortality and short- 
and long-term morbidity. It has been reported that 20 to 40% of people die within the first 
year following the fracture event. In addition, of those who survive 10% may suffer a fracture 
of the contralateral hip. Furthermore, 30-50% of the patients with a hip fracture lose 
functional independence [6]. Thus, fragility fractures are an important public health issue, due 
to the burden imposed to families and the individual, but also due to the financial 
cumbersomeness that they represent to the financial and the health system. In 2010 in the 
European Union (EU) alone 27.6 million people had osteoporosis, and 3.5 million of fragility 
fractures were registered. As a result of the demographic changes in population it is 
expected that the number of individuals in the EU diagnosed with osteoporosis will increase 
to 33.9 million and the number of fractures will reach 4.5 million by 2025. Nowadays, the 
costs associated with fracture management reach up to 98 billion euros, and it is speculated 
that it will increase up to 121 billion euros by 2025 [14]. 
 
 
 
Figure 1: Distribution of the age of first fracture in an Australian cohort (adapted and reproduced from 
Holloway et al.[15]). 
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2. Fractures in pediatric ages 
Fracture incidence during pediatric ages can reach values as high as in later ages (>50 years 
old) (Figure 1). In childhood and adolescence a bimodal distribution of the age of fracture can 
be found. The first peak in the incidence of fractures is observed between 5 and 7 years of 
age, whereas the second peak occurs simultaneously to peak height velocity – for girls it 
starts around 10-12 years old and for boys it starts later, around 13-14 years of age [16, 17] 
(Figure 2). The latter peak is quite higher than the first, and contributes with the largest 
portion of fractures in this life period. Fractures in growth spurt are thought to occur in such 
high number due to transient fragility of the skeleton since there is a rapid increase in length, 
but bone accrual in width is slower [18]. 
 
Figure 2: Distribution of fracture incidence throughout childhood (reproduced from Rennie et al.[16]). 
 
In pediatric ages the most frequent anatomical site of fracture is the upper limb (70-80% of all 
fractures), especially the distal forearm – distal radius and distal ulna – accounting for 26% to 
37% of all fractures [4, 16, 17, 19]. Nevertheless, different age distributions of fracture 
incidence have been described according to anatomical site. For instance, an increased 
incidence has been reported at 2-3 years old and 14-15 years old for the clavicle, while 
fractures of the ankle are very infrequent in the first seven years of life increasing its 
incidence progressively from hereafter [4]. Furthermore, contrarily to the high women to men 
ratio found in adulthood, in children the incidence of fractures is generally higher in boys than 
in girls. For instance, Cooper et al. in a UK study using the General Practice Research 
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Database showed that fracture incidence in boys up to 18 years old was 161.6/ 10 000 
person-years and in girls was 102.9/10 000 person-years; whereas another study conducted 
in two Edinburgh hospitals including children aged 0 to 16 years old reported incidences of 
23.9/1000 and 15.7/1000 person-years, for boys and girls, respectively [4, 16]. 
Regarding incidence trends in children, these vary according to the anatomical site in 
question, but overall a decrease has been reported [17]. In Sweden, for example, a decrease 
of 42% (from 19.4 to 11.3 per 100 000) in the incidence of femoral fractures between 1987 
and 2005 has been reported [20]. Also in England, a decrease in femoral fractures incidence 
from 0.33/1000 to 0.22/1000 per year was reported [21]. However, for forearm fractures 
increasing trends have been described. For instances, Mäyränpää et al. reported an increase 
of 31% in forearm fractures in Finland in the period between 1983 and 2005 (46.2 to 60.4 per 
10 000) [17]. 
Fractures in pediatric ages are fairly common and account for 10 to 25% of all injuries. In 
fact, the accumulated risk of sustaining a fracture, from birth until 16 years of age, is 27% for 
girls and 42% for boys [22]. Even though the burden of childhood fractures is not as 
enormous as the one posed by fragility fractures throughout adulthood, these still have a 
negative impact on children’s lives. Fractures in pediatric ages have short-term impact since 
they may result in time off from school and activity-restricted days, resulting in an average of 
14 days (95 %: CI 8–20 days) and 26 days (95 % CI: 7–45 days) of activity restricted days, 
for arm and leg fractures respectively [23]. Also, complications associated to fractures, such 
as acute compartment syndrome, bone malalignment or limb overgrowth can also affect 
children’s health and development. In the long term, fractures can also lead to degenerative 
changes, such as secondary osteoarthritis [24]. 
 
 
3. Life course approach to bone heath 
Life course theory emerged in the second half of the twentieth century in order to respond to 
the question of how the interrelationship of social structures, time, place and history of 
individuals’ lives influence their own life and their successfulness. These can be resumed in 
the following premises: a) historical time and place: the life course of individuals is embedded 
in and shaped by the historical times and places they experience over their lifetime; b) timing 
in lives: the developmental impact of a succession of life transitions or events is contingent 
on when they occur in a person’s life; c) linked lives: lives are lived interdependently, and 
social and historical influences are expressed through this network of shared relationships; d) 
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human agency: individuals construct their own life course through the choices and actions 
they take within the opportunities and constraints of history and social circumstances [25]. 
Not surprisingly, this theory started being used to study disease distribution and its 
determinants, resulting in the development of life course epidemiology as a discipline. Life 
course epidemiology is defined as the study of long term effects on latter health or disease 
risk of exposures throughout the entire lifespan [26]. Similarly, bone fragility in later life can 
be seen as an accumulation of life exposures. There are mainly two factors that are thought 
to contribute to age related fractures. The first is the amount of bone loss with increasing 
age, and the second is the attainment of the genetically-programmed peak bone mass (PBM) 
[18, 27]. Intervention to attenuate bone loss in older ages is restricted to calcium 
supplementation and/or to bone-sparing therapies [28, 29]. However, in light of life course 
epidemiology, increasing the amount of bone mass attained during the peak bone mass will 
forestall bone loss with advancing age, i.e. bone loss rate will take longer to reach a point of 
high-fracture risk in a person that has attained a higher bone accrual in its adolescence 
compared to an individual that had a minor peak bone mass (Figure 3) [18]. 
 
Figure 3: Comparison of fracture risk at older ages of an individual that attains his/her full genetic 
potential with another one that does not reach this potential (reproduced from Heaney et al.[18]). 
 
As a consequence, childhood and adolescence are seen as sensitive periods for bone mass 
acquisition, due to their potential to improve bone health in older ages. Adolescence is a 
period of rapid increase in bone mass – bone physical properties were shown to triple at all 
sites [30] - therefore presenting great scope for plasticity and modification. Childhood is not 
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characterized by such a rapid increase of bone mass; however, this period precedes 
adolescence and since a certain degree of tracking of bone mass is expected [30, 31], bone 
mass accrual throughout adolescence will be partly determined by previous bone properties. 
Therefore, childhood is an equally important period to bone health in adulthood. 
 
 
4. Bone development throughout growth in children 
Growth is a complex process that occurs since in utero life until early adulthood; it comprises 
linear growth and body composition changes as well as the development of the skeleton. In 
the first year of life, linear growth is approximately 25 cm, followed by a decrease to 12.5 cm 
in the second year. Afterwards, until 4 years of age the annual height velocity decreases to 8 
cm, and then to 6 cm between the ages of 4 and 6 years old. Then, height velocity 
approaches 5.5 cm per year until puberty, which is characterized by a rapid increase in 
height. In girls, puberty starts around 10 years old while in boys it starts around 14 years of 
age. Similarly, body weight also suffers great changes. In the first year of life infants gain 
weight up to 10 kg and 9.5 kg, respectively for boys and girls. In the following two years, both 
boys and girls will gain an average of 8 g/d. Then, in middle childhood the weight gain 
decreases to 6-7 g/d, increasing again during puberty when weight velocities increase by 
almost 2-folds [32]. 
As a consequence of linear growth and body weight gain, the skeleton will respond to these 
changes by increasing in length and also width, by longitudinal and appositional growth, 
respectively. Longitudinal growth of long bones occurs until early adulthood through 
endochondral ossification. Endochondral ossification occurs at the epiphyseal plates and 
uses a hyaline cartilage as model; here chondrocytes become hypertrophic and will 
degenerate and die as a result of their matrix calcification. Then, osteoprogenitor cells and 
blood capillaries will occupy the empty space left by the hypertrophic chondrocytes; 
osteoprogenitor cells will give rise to osteoblasts – bone forming cells – that will be 
responsible for laying down a matrix of mineralized osteoid on the surface of the calcified 
cartilage. The remnants of the calcified cartilage will be resorbed by chodroclasts – cells that 
break down cartilage. This process occurs continuously until the cartilage model is fully 
replaced by bone, which means that the chondrocytes at the growth plates exhaust their 
proliferative capacity leading to the closure of the epiphyses [33]. In turn, appositional growth 
occurs through modeling, a process characterized by the uncoupling of bone formation and 
resorption; while bone formation occurs in the periosteal surface, resorption takes place 
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within the endosteal surface. The net balance of modeling is in favor of formation, 
contributing to increase bone width [34]. 
Once adulthood is reached both endochondral and modeling stop occurring. Nonetheless, 
bone is a dynamic tissue and its maintenance throughout life is essential. The process 
responsible for maintaining bone homeostasis is called remodeling, which unlike modeling, 
occurs in a coupled mechanism. In remodeling, matrix formation and resorption is achieved 
by the coordinated action of osteoclasts - cells that break down bone - and osteoblasts. 
Within each envelope, the balance of bone formation and resorption allows bone to adapt 
structure to function, optimizing its resistance to stress [35]. 
 
 
5. Factors associated with fracture risk in children 
 
5.1. Bone physical properties 
Whole bone strength is the load-bearing capacity of a bone; and when this is exceeded a 
fracture occurs. Bone strength is determined by the spatial distribution of bone mass (shape 
and microarchitecture), by the amount of bone (size) and also by the intrinsic properties of 
the materials that compose bone (Figure 4) [36, 37]. Throughout life, bone strength is 
continuously challenged; particularly during growth since bone strength is forced to quickly 
respond to the changes imposed. Thus, in order to maintain bone strength, the mechanical 
strain, i.e. the load-bearing capacity, has to be kept close to a preset level [38]. 
 
Figure 4: Whole bone strength determinants (adapted and reproduced from Bouxsein [36]). 
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Since bone strength is a complex and multidimensional construct, it cannot be directly 
measured. Nevertheless, by using adequate methods some of its components can be 
measured, namely bone mass. Still, one has to bear in mind that bone mass and bone 
strength are not perfectly correlated, and bone mass is only a substitute measure and not 
identical to bone strength. The most common measures used as a proxy to bone strength 
are bone mineral content (BMC) and bone mineral density (BMD). The first indicates how 
much mineral content a bone has (g) whereas BMD is the result of the mineral content 
distributed per projected area (g/cm2) [18]. 
In adults it has been shown that bone physical properties are associated with fracture risk, 
and also have the ability to predict individual risk of fracture [39]. In children, several case-
control studies have shown that bone physical properties are associated with the risk of 
fracture. For example, Goulding et al. showed that both boys and girls who had sustained a 
fracture compared to those that did not sustain any fracture had decreased areal BMD at the 
ultra-distal radius (boys: OR (95% CI): 0.94 (0.91-0.97); girls: OR (95% CI): 0.963 (0.930–
0.996)), the lumbar spine (boys: OR (95% CI): 0.92 (0.89-0.95); girls: OR (95% CI): 0.945 
(0.911–0.980)), hip trochanter (boys: OR (95% CI: 0.95 (0.92-0.98); girls: OR (95% CI): 
0.952 (0.918–0.988)) and total body (boys: OR (95% CI): 0.97 (0.96-0.99); girls: OR (95% 
CI): 0.978 (0.961–0.995)) [40, 41]. Nonetheless, these studies have a retrospective design 
and, consequently bone physical properties were measured after fracture occurrence and 
may have changed between fracture occurrence and bone physical properties assessment, 
though a certain degree of tracking is expected. Furthermore, these studies included children 
in a wide range of ages, including pubertal years, and the associations found between 
decreased bone physical properties and fracture may have been a reflex of the transient 
skeletal fragility characteristic of the growth spurt. 
More recently, a systematic review and meta-analysis of eight case-control studies 
suggested that there was an association between low bone mass and fractures in children 
[42]. After this systematic review, results from some cohort studies have been published. A 
study conducted in a large cohort in the United Kingdom showed a weak association 
between areal BMD and fracture risk (OR per SD decrease (95% CI): 1.12 (1.02–1.25)). 
However, a slightly stronger association for BMC adjusted for bone area, height, and weight 
(OR (95% CI): 1.89 (1.18–3.04)), total body less head (TBLH) area adjusted for height and 
weight (OR (95% CI): 1.51 (1.17–1.95)), and volumetric BMD of the humerus (OR (95% CI): 
1.29 (1.14–1.45) was observed [43]. In addition, in a cohort of 176 healthy boys aged 7 
followed until 15 years of age, those that sustained a fracture were more likely to have 
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decreased areal bone mineral density at the femoral neck, total hip, femoral diaphysis and 
lumbar spine BMD both at 7 and 15 years old [44]. 
 
5.2. Life style factors 
There have been many factors whose associations with fracture risk have been widely 
studied. For instance, socio-economic position has been hypothesized as a possible 
intervener in fracture risk, but its association with fracture is contradictory amongst studies 
[45-47]. Similarly, a previous fracture has also been considered to increase the risk of 
fracture, but results regarding their association are also not clear, since associations in girls, 
but not in boys, were found [48, 49]. Another factor that has been a source of great 
disagreement is obesity. While prospective studies do not show strong evidence for an 
association, some investigations more prone to bias such as case control studies have been 
showing that obesity is associated with childhood fractures [50, 51]. Lastly, since calcium 
intake and vitamin D are involved in bone metabolism, attempts to understand if these, are 
related with pediatric fractures have also been conducted. Likewise to the previous factors, 
results for these are not concordant. Regarding calcium intake, there are studies showing 
positive associations, whereas other found no association at all. Discrepancies in the findings 
are likely to result from the different methods used to assess calcium intake [52, 53]. 
Concerning vitamin D very few studies have been conducted, but results suggest that 
children with fracture were more likely to be vitamin D deficient compared to children without 
fractures; however, these were mainly case-control which are known to be more prone to 
bias [54]. 
Currently, the factors with the highest evidence quality showing a convincing association with 
fracture are: age, gender, decreased bone physical properties and exposure to injury [24]. 
The extent of the association of the first three factors has already been discussed in the 
above topics. With regard to exposure to injure, its objective measurement presents 
important practical challenges; however, there is evidence that both organized sports and 
leisure-time activity are clear predictors of injury risk in pediatric ages and can be used as its 
proxy [55]. Thus, in order to estimate exposure to injury both time spent in physical activity 
and in other non-organized active plays must be considered, which carries additional 
challenges, which are described below.  
It is commonly accepted that physical activity has a dual effect on fracture risk. On the one 
hand, physical activity contributes directly to increase fracture risk due to higher inherent 
exposure to injury (e.g. falls and collisions) [55]. On the other hand, exertion has a protective 
effect on the risk of fracture due to its mechanical stimulus of bone formation, improving bone 
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physical properties [56]. This set of mechanisms makes particularly difficult to assess the 
contribution of regular levels of physical activity to fracture risk in children. Current evidence 
on this mechanisms can be summarized as follows: a) bone physical properties are inversely 
associated with fracture risk [57]; b) intense physical activity is directly and independently 
associated with fracture risk due to increased trauma probability [56]; c) intense physical 
activity has a positive effect on bone mass and strength in children [56-60]. Taken together, 
these findings may seem contradictory, but a possible explanation may be an interaction of 
bone physical properties with physical activity to produce fracture. Specifically, it is plausible 
that the relation between bone physical properties and fracture risk is modified by trauma 
frequency and severity, i.e. the protective role of bone physical properties on fracture may 
vary qualitatively with the level of physical exertion imposed, regardless of its osteogenic 
contribution to bone formation.  
 
 
6. Bone physical properties assessment 
Throughout the years several techniques, such as digital X-ray radiogrammetry (DXR), single 
photon absorptiometry (SPA), dual energy x-ray absorptiometry (DXA), quantitative 
computed tomography (QCT) or quantitative ultrasound (QUS) and others, have been used 
to determine bone physical properties [61]. However, some of these techniques fell out of 
use (SPA, DXR) as they were surpassed by other more sophisticated techniques, while other 
techniques, such as QUS, were discredited as a tool to determine bone physical properties.  
Nowadays, DXA is accepted as the gold-standard method to measure bone physical 
properties, regardless of its limitations [62]. In theory, QCT would be the gold-standard 
method to assess bone physical properties, once it allows to estimate a true volumetric bone 
mineral density measure while DXA only provides an areal measure. Nonetheless, QCT 
machines are not as widely available, and more importantly, QCT scans expose children to 
much higher doses of radiation [61]. Consequently, due to the widespread availability, 
precision, speed, low cost and low exposure to radiation, dual energy x-ray absorptiometry is 
the preferred method to determine bone physical properties [62]. 
 
6.1. Dual energy x-ray absorptiometry 
Dual energy x-ray absorptiometry measures the transmission of x-rays with low- and high-
energy photons through the body. Since bone is mainly constituted of phosphorus and 
calcium, which have high atomic numbers, it will attenuate high-energy photons; whereas 
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soft tissue, composed by muscle, fat, skin and water that have constituents with lower atomic 
numbers, will attenuate low-energy photons. Attenuation values are obtained pixel by pixel 
and converted into areal bone mineral density by comparison with a standard phantom. 
Therefore, this method allows to determine bone mineral content (BMC), bone mineral 
density (BMD) and bone area (BA). In addition, body composition, lean and fat mass, can 
also be quantified [63]. 
Nonetheless, DXA has some limitations. Bone mineral density measured with DXA provides 
only an areal measure of bone mass that can be easily influenced by bone size. Larger 
bones will appear to have higher bone mineral density even if they have the same true 
mineral density, which makes assessing bone physical properties particularly challenging in 
growing children. However, some statistical methodologies can be used to diminish the 
influence of bone size in bone mineral density measures in children. For instance, a simple 
procedure such as adjustment for age, height, weight or even pubertal status (if children are 
no longer in a prepubertal stage) can diminish the of impact bone size on measures. 
Nevertheless, more complex measures can also be used. For instance, bone mineral 
apparent density (BMAD) [64] assumes that the bone is a polyhedron and the measure is 
estimated using standard geometry formulas. Another approach can be to calculate a BMC 
adjusted measure for area using linear regression models [65]. In addition, another relevant 
issue to address is the standard anatomical site to assess bone physical properties in 
children. In adults, the most common sites used are generally lumbar spine and the hip [66], 
but in pediatric ages the reference points at the hip are not well developed, so this is not a 
good candidate to measure bone physical properties. According to the 2013 revised position 
of the International Society for Clinical Densitometry (ISCD), the recommended sites to 
measure bone physical properties in children and adolescents are lumbar spine and the 
subtotal body less head, and eventually the forearm when it is not possible to perform the 
scan at the other recommended sites. Clinicians and researchers are recommended to use 
the subtotal body excluding the head since this is not responsive to physical or 
environmental stimuli and accounts for a large percentage of the skeleton [62].  
On the one hand, in clinical settings and in adults only, BMD measured by DXA is quite 
helpful to identify individuals at risk of sustaining fractures [39, 67]. On the other hand, in 
children, clinicians are quite conservative regarding the usefulness of DXA measures. As a 
result, DXA scans are performed only if the nature of the disease and/or the frequency of 
fractures justify its need [62]. On the contrary, in research settings DXA in children has been 
extensively used. The broad use of DXA in pediatric ages was driven by the aforementioned 
hypothesis that childhood is a sensitive period for bone mass accrual. Nevertheless, DXA 
assessment in children use was boosted by the widespread availability of DXA devices in 
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research settings, which made quite tempting to use this technology. Consequently, in the 
last two decades several case-control [40, 41, 68] and few cohort studies [43, 44] have been 
conducted in order to understand if pediatric fractures are an early marker of skeletal fragility, 
attempting to validate a life course approach to bone health. 
 
6.2. Peripheral and whole body dual energy x-ray absorptiometry devices 
Figure 5 shows whole body (left panel) and peripheral (right panel) DXA devices. Peripheral 
devices only allow to measure bone mineral density at the forearm or the calcaneus, but 
these have the great advantage of being portable. Portability is a characteristic that turns 
these devices particularly valuable in research settings, since these can be transported to 
where the participants are, which make them useful tools to increase participation rate [69]. 
Furthermore, peripheral scans are advantageous to assess bone health in pediatric ages as 
they have a considerably shorter scan time than whole body devices. However, unlike whole 
body DXA devices that can determine BMD as well as BMD, BA and also body composition, 
peripheral devices cannot [70]. 
 
 
Figure 5: Dual energy X-ray absorptiometry devices: Left Panel – Whole Body dual energy X-ray 
absorptiometry, more specifically the device presented is a Hologic Explorer™; Right Panel – 
Peripheral dual energy X-ray absorptiometry, in particular the device is a Norland pDEXA
®
 
(reproduced from Bonick et al. [70]). 
 
Notwithstanding, when the goal is merely to quantify bone physical properties alone 
peripheral devices, in theory, would be more suitable considering their characteristics. Still, 
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such replacement of central by peripheral measures must be based on evidence of good 
agreement as clinical decision and epidemiological classification require. Nevertheless, there 
have been few studies assessing this question, and the ones that explored it showed 
disappointingly low agreement. However, these evaluated small sample sizes and/or wide 
age ranges, and may have lacked the power to detect a true effect at any given age [69, 71]. 
Another issue that must be taken in account when considering peripheral DXA as a 
surrogate for whole body DXA measures is its diagnosis ability. The quality of peripheral 
DXA as a diagnosis tool must go beyond the agreement with other methods, and should be 
able to identify the most clinically relevant outcomes, i.e. fractures. Despite this, the study of 
the validity of peripheral as well as whole body DXA to predict fracture risk in children has 
been neglected, and no more than a couple of studies have approached this question [72, 
73]. The reason why this question has been largely overlooked maybe due to the generally 
weak associations between pediatric fracture and decreased bone physical properties 
reported in the literature [42], which may have discouraged researchers to approach this 
matter. 
 
 
7. Generation XXI Cohort 
Generation XXI cohort was assembled between April 2005 and August 2006 at in five public 
maternity units, covering six municipalities of the metropolitan area of Porto, Portugal. This is 
the first Portuguese birth cohort and intends to characterize pre and postnatal development 
identifying its determinants so that the state of health in childhood and later in adolescence 
and also adult age can be understood [74]. 
 
7.1. Participants 
During 2005 and 2006 every woman who delivered a live-born (gestational age ≥ 24 weeks) 
was invited to participate in the cohort in the 24-72 hours following delivery. Of all mothers 
invited 91.4% accepted to participate, thus the cohort included 8495 mothers and 8647 
infants. At 4 years of age the entire cohort was invited to participate in a follow-up evaluation, 
and 5977 (69.1% of the initial sample) children attended to this evaluation. Between April 
2012 and April 2014, 5843 children (67.6% of the initial sample) were evaluated at seven 
years of age (Figure 6). Currently, the 10 years old evaluation is ongoing, it has started in 
August of 2015 and it is expected to finish in December 2016. 
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Figure 6: Flowchart of Generation XXI participants. 
 
The Generation XXI study was approved by the University of Porto Medical School/ S. João 
Hospital Centre ethics committee and by the National Committee for Data Protection. All 
procedures were followed according to the Declaration of Helsinki. 
 
7.2. Data collection 
To this particular thesis only data from children that participated in the seven years old 
evaluation was used. In this evaluation the principal aims were to assess: a) growth, nutrition 
and body composition; b) use of health care services; c) relevant socioeconomic aspects to 
childhood development; d) children health status. Therefore, in order to comply with the 
objectives several data regarding the child and their parents were collected by trained health 
professionals through the use of structured questionnaires and an extensive physical 
examination. Bellow, the procedures of the seven years old evaluation that took place at the 
Department of Clinical Epidemiology, Predictive Medicine and Public Health in Medical 
School of the University of Porto are described.  
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1) Questionnaires 
A structured questionnaire was applied to parents or other caregivers by trained health 
professionals. This questionnaire was mainly focused on the child and included information 
regarding the child’s surrounding environment, physical activity, sleeping habits, pain 
assessment (Portuguese version of the Luebeck Pain-Screening Questionnaire) and also a 
food frequency questionnaire. In addition, the caregiver was also inquired about his/her own 
health and sleeping habits; if it was the mother answering to the questionnaire she was also 
asked about her perception of her body image. Furthermore, the trained health professionals 
also applied questionnaires to children, namely the Parent-Child Conflict Tactics Scales, 
Form A (CTSPC), pain assessment and exposure to smoking. 
Several self-administered questionnaires were provided to the caregivers such as: a) the 
Parent-Child Conflict Tactics Scales, Form A (CTSPC); b) Pediatric Sleep Questionnaire 
(Chervin, 2000); c) HADS - Hospital Anxiety and Depression Scale; d) CEBQ- child eating 
behavior questionnaire; e) support network to child activities; f) capability to afford health; g) 
parents perception of their child diet. An additional Child-Feeding Questionnaire was given to 
caregivers to be filled in at home. 
 
2) Physical Examination 
Both parents and children underwent a physical examination. Parents’ physical examination 
consisted only in height (Seca®), weight (TANITA®), waist, hip and arm circumferences 
(flexible and nondistensible tape) measurements and blood pressure assessment (Omron). 
In children, the previously parameters were also measured; additionally body composition 
through a bioelectric impedance (Bia 101 anniversary®) was also measured; and an 
electrocardiogram (BTL Cardio Point®) and a spirometry (Mini Spir®) were also performed to 
assess cardiac and respiratory function, respectively. Additionally, in children forearm bone 
mineral density with a GE Lunar Peripheral Instant X-ray Imager (PIXI®) device was also 
measured. The measurement was performed at the non-dominant distal forearm unless 
there was a reported fracture; in this case the dominant arm was the one measured. 
 
3) Blood Samples 
Blood samples were collected from children after a 12-hour overnight fast. Samples were 
centrifuged and sera were stored frozen at -80ºC until analyses. 
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Figure 7. Photographs of the evaluations of the Generation XXI cohort. A. A trained health 
professional applying a questionnaire to a caregiver; B. A nurse collecting a blood sample from a 
participant; C. A child performing a spirometry; D. A trained health professional applying a 
questionnaire to a child. 
 
4) Dental Evaluation 
A dental examination was performed to children with the purpose of assessing dental health. 
In this evaluation the presence of caries, dental plaque and tooth acid erosion was assessed. 
Parents were also requested, if possible, to bring a deciduous (baby) tooth.  
 
5) Musculoskeletal Evaluation 
28 
 
Children evaluated between the 1st of December 2012 and 31th of August 2013 were 
consecutively invited to perform an additional musculoskeletal evaluation at the School of 
Health Technology of Porto/Polytechnic Institute of Porto (ESTSP/IPP). There were 3014 
children eligible to attend the evaluation at ESTSP; however, only 80.4% attended this 
evaluation (n=2422). The purpose of this evaluation was to evaluate posture and to measure 
bone development.  
Posture was assessed by placing spherical retro-reflective markers over anatomical 
landmarks on the right-side of the child’s body while children assumed their habitual standing 
position with feet slightly apart and looking straight ahead, or their sitting position (Figure 7A). 
Full-body flash photographs of the sagittal right view of children were then acquired, in order 
to study the angular measures formed by lines drawn from the anatomical landmarks by 
using specific software. 
Bone development was assessed by whole body dual-energy X-ray absorptiometry (DXA) 
using a Hologic Discovery QDR® 4500W device (Figure 7B). Measures of bone physical 
properties – bone mineral density, bone mineral content and bone area – were obtained for 
the entire body and for site-specific anatomic regions. In addition, this device also allowed to 
determine body composition – fat and lean mass. 
 
 
 
Figure 8. Photographs of the musculoskeletal evaluation. A. A child doing the postural assessment; 
B. A child performing a whole body dual energy x-ray absorptiometry. 
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By using cross-sectional data from the seven year-old evaluation of the Generation XXI 
population-based birth cohort the objectives were: 
   
1. To explore the agreement between peripheral and whole body DXA measures, 
and to assess the ability of DXA measures to predict fracture risk at all sites 
(Chapter I); 
2. To study fracture occurrence in the cohort and to estimate associations between 
bone physical properties and fracture by levels of physical activity (Chapter II); 
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1. Fracture occurrence description 
Of the 5827 children in the cohort with information for fracture 371 (6.4%) sustained at least 
one fracture. Fracture frequency was similar in the first years of life (age 0 to 3 years old), 
increasing at age 4; from age 4 up to age 5 a substantial increase in the frequency of 
fractures is observed (Figure 9). In total, the 371 children sustained 443 fractures and the 
majority occurred in the upper limbs (Table 1).  
 
 
 
Figure 9. Distribution of the number of fractures according to the age of first fracture at any anatomical 
site. 
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  Fractures 
Anatomical Site Number (n) Percentage (%) 
Arm 124 28.0 
Forearm 74 16.7 
Wrist 65 14.7 
Collarbone 43 9.7 
Leg 30 6.8 
Fingers 22 5.0 
Foot 10 2.3 
Thigh 10 2.3 
Toes 8 1.8 
Ankle 7 1.6 
Elbow 6 1.4 
Skull 5 1.4 
Hand 4 0.9 
Hip 3 0.7 
Ribs 3 0.7 
Knee 2 0.5 
Cervical Spine 2 0.5 
Lumbar Spine 1 0.2 
Pelvis 1 0.2 
Other/unspecified 23 5.0 
Total 443 100.0 
 
Table 1. Distribution of fractures according to the anatomical site. 
 
In Figure 10 we can observe the distribution of the anatomical site of fractures throughout 
age in girls (A) and boys (B). Anatomical sites of fractures were collapsed into upper limb, 
lower limb and other. Upper limb fractures were the result of the sum of arm, forearm, wrist, 
collarbone, fingers, elbow and hand fractures, whereas lower limb fractures were the sum of 
leg, foot, thigh, toes, ankle and knee fractures. Regarding other fractures, these were the 
sum of the category other/unspecified, skull, hip, ribs, cervical and lumbar spine, and pelvis 
fractures. 
Upper limb fractures accounted for the largest proportion of all fractures throughout all ages 
both in boys and girls. Nevertheless, lower limb fractures also accounted for a significant 
proportion of fractures in girls after one year old, and in boys mainly from age 1 to age 4. 
Regarding fractures at other anatomical locations, these were residual throughout all ages. 
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Figure 10. Prevalence (%) of fractures stratified by anatomical site according to age (years). A. Girls; 
B. Boys. 
 
2. Description of bone physical properties 
Of the 3014 children eligible to assess bone development, 2420 performed the scan (80.1%); 
however, 13 scans were excluded due to movement, artifacts or other logistic issues, which 
result in 2407 valid scans (1144 girls and 1263 boys). 
Mean (standard-deviation) of subtotal bone mineral density (BMD) and bone mineral content 
(BMC) in the sample was 0.618 (0.055) g/cm2 and 596.6 (85.7) g, respectively. For lumbar 
spine, BMD was 0.676 (0.65) g/cm2 and BMC was 18.7 (3.6) g. However, stratified by sex, 
significant differences were observed between bone physical properties of girls and boys. 
Boys presented significantly higher subtotal BMC (591.7 (85.6) vs. 601.1 (85.6) g, p=0.008) 
and BMD (0.624 (0.053) vs. 0.612 (0.057) g/cm2, p<0.001) than girls; in turn girls had 
increased BMD at the lumbar spine (0.684 (0.067) vs. 0.668 (0.063) g/cm2, p<0.001) 
comparatively to boys; however, there were no differences between lumbar spine BMC 
between girls and boys (18.6 (3.5) vs. 18.8 (3.6) g, p=0.311) (Figure 11). 
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Figure 11. Distribution of central bone physical properties. A. Subtotal Bone Mineral Density; B. 
Subtotal Bone Mineral Content; C. Lumbar Spine Bone Mineral Density; D. Lumbar Spine Bone 
Mineral Content. 
 
Of the 2407 children that had a valid whole-body dual-energy x-ray absorptiometry scan, 
1177 of those also had a valid peripheral scan, which allowed to determine their forearm 
bone mineral density. The sample mean (standard-deviation) was 0.260 (0.034) g/cm2. 
Similarly to the previous measures significant differences between sexes were observed: 
boys presented higher forearm BMD than girls (0.256 (0.034) vs. 0.265 (0.033) g/cm2, 
p<0.001) (Figure 12). 
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Figure 12. Distribution of Forearm (peripheral) bone mineral density. 
 
Table 2 and 3 present the mean values of central and peripheral bone physical properties in 
boys and girls according to socio-demographic and behavioral characteristics. Although 
some associations between bone physical properties and social characteristics were found in 
girls, namely subtotal BMC and BMD and maternal education and monthly household 
income, the associations were not consistent throughout all measures. Thus, no clear trend 
was observed between bone physical properties and social characteristics and physical 
activity in girls (Table 2). In contrast, in boys it was found a clear association between central 
bone physical properties (subtotal and lumbar spine) and physical activity. Also in boys, even 
though a borderline non-significant association was found between maternal education and 
subtotal BMD, and a significant association was found between lumbar spine BMC and 
monthly household, these association, again, were not consistent for all bone physical 
properties measures (Table 3). 
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  n (%) Subtotal BMD Subtotal BMC Lumbar Spine BMD Lumbar Spine BMC n (%) Forearm BMD 
Maternal Education (schooling years) 
       
<9 420 0.618 (0.061) 597.6 (89.8) 0.685 (0.064) 18.7 (3.3) 238 0.259 (0.033) 
9-11 346 0.614 (0.054) 595.8 (80.9) 0.688 (0.068) 18.7 (3.4) 183 0.256 (0.033) 
≥12 358 0.604 (0.055) 581.0 (85.0) 0.679 (0.070) 18.4 (3.7) 174 0.252 (0.035) 
Missing 20 0.609 (0.040) 589.0 (72.6) 0.694 (0.069) 19.8 (3.8) 11 0.248 (0.016) 
p (ANOVA)  
0.005 0.038 0.365 0.201 
 
0.176 
Monthly Household Income (€)        
<1000€ 304 0.616 (0.060) 596.8 (89.4) 0.688 (0.070) 18.9 (3.4) 167 0.259 (0.034) 
1001-2000 552 0.613 (0.056) 592.5 (84.3) 0.685 (0.064) 18.6 (3.4) 296 0.255 (0.034) 
>2000 265 0.604 (0.054) 581.7 (82.0) 0.678 (0.070) 18.4 (3.6) 128 0.254 (0.034) 
Missing 23 0.632 (0.060) 621.8 (96.8) 0.694 (0.072) 18.8 (3.6) 15 0.259 (0.030) 
p (ANOVA)  
0.019 0.056 0.284 0.249 
 
0.647 
Time spent in physical activity (min)        
≤90 336 0.609 (0.057) 591.6 (89.5) 0.684 (0.067) 18.6 (3.5) 163 0.257 (0.036) 
>90-150 276 0.610 (0.059) 588.2 (87.4) 0.679 (0.066) 18.6 (3.1) 143 0.252 (0.036) 
>150-240 334 0.613 (0.055) 593.7 (81.2) 0.686 (0.070) 18.5 (3.6) 195 0.257 (0.031) 
>240 178 0.617 (0.057) 593.9 (83.2) 0.688 (0.067) 18.8 (3.7) 93 0.258 (0.033) 
Missing 20 0.619 (0.060) 589.4 (92.9) 0.681 (0.056) 19.0 (2.8) 12 0.262 (0.028) 
p (ANOVA)  
0.599 0.943 0.567 0.874 
 
0.469 
Time spent in active plays (min)        
≤270 316 0.610 (0.055) 590.0 (80.7) 0.684 (0.067) 18.7 (3.4) 153 0.254 (0.034) 
>270-510 283 0.612 (0.058) 593.3 (84.2) 0.684 (0.070) 18.5 (3.5) 146 0.253 (0.030) 
>510-690 233 0.608 (0.061) 583.8 (92.1) 0.680 (0.067) 18.4 (3.5) 132 0.257 (0.033) 
>690 255 0.616 (0.055) 597.0 (88.6) 0.687 (0.064) 18.8 (3.4) 142 0.258 (0.036) 
Missing 57 0.619 (0.053) 602.1 (77.7) 0.684 (0.066) 19.4 (3.6) 33 0.266 (0.033) 
p (ANOVA)   0.545 0.405 0.851 0.364   0.296 
 
Table 2. Mean (SD) bone physical properties according to social characteristics and physical activity in girls. 
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  n (%) Subtotal BMD Subtotal BMC Lumbar Spine BMD Lumbar Spine BMC n (%) Forearm BMD 
Maternal Education (schooling years) 
       
<9 455 0.626 (0.053) 604.1 (83.0) 0.666 (0.058) 18.6 (3.4) 224 0.263 (0.033) 
9-11 396 0.626 (0.054) 604.2 (89.4) 0.673 (0.068) 18.9 (3.9) 169 0.268 (0.037) 
≥12 397 0.618 (0.051) 594.2 (83.7) 0.667 (0.062) 18.9 (3.7) 173 0.263 (0.030) 
Missing 15 0.636 (0.063) 611.5 (101.3) 0.689 (0.077) 19.8 (3.2) 5 0.263 (0.045) 
p (ANOVA)  
0.072 0.271 0.211 0.421 
 
0.447 
Monthly Household Income (€)        
<1000€ 330 0.627 (0.055) 603.7 (85.0) 0.670 (0.060) 18.2 (3.6) 155 0.266 (0.038) 
1001-2000 599 0.623 (0.052) 600.0 (84.7) 0.670 (0.063) 19.0 (3.5) 262 0.264 (0.032) 
>2000 313 0.621 (0.052) 601.0 (87.6) 0.664 (0.064) 19.0 (3.8) 144 0.264 (0.030) 
Missing 21 0.626 (0.058) 601.2 (91.3) 0.667 (0.068) 17.6 (2.5) 10 0.257 (0.019) 
p (ANOVA)  
0.631 0.924 0.539 0.006 
 
0.846 
Time spent in physical activity (min)        
≤90 349 0.622 (0.054) 597.3 (86.0) 0.664 (0.060) 18.4 (3.5) 170 0.266 (0.037) 
>90-150 273 0.621 (0.050) 595.4 (78.9) 0.666 (0.063) 18.7 (3.8) 117 0.261 (0.029) 
>150-240 352 0.622 (0.053) 599.5 (86.0) 0.666 (0.065) 18.6 (3.5) 158 0.264 (0.030) 
>240 267 0.633 (0.055) 615.3 (91.8) 0.682 (0.063) 19.6 (3.6) 114 0.268 (0.037) 
Missing 22 0.611 (0.030) 583.0 (52.4) 0.649 (0.050) 17.7 (2.8) 12 0.262 (0.030) 
p (ANOVA)  
0.016 0.034 0.001 0.001 
 
0.603 
Time spent in active plays (min)        
≤270 318 0.626 (0.056) 603.4 (88.8) 0.667 (0.064) 18.8 (3.6) 158 0.265 (0.036) 
>270-510 290 0.627 (0.054) 606.6 (87.4) 0.675 (0.065) 18.9 (3.8) 122 0.264 (0.034) 
>510-690 290 0.619 (0.051) 596.6 (83.3) 0.666 (0.062) 18.7 (3.6) 115 0.268 (0.033) 
>690 320 0.622 (0.049) 597.3 (80.8) 0.667 (0.059) 18.8 (3.5) 155 0.263 (0.031) 
Missing 45 0.628 (0.067) 604.3 (97.9) 0.664 (0.071) 18.5 (3.3) 21 0.258 (0.032) 
p (ANOVA)   0.343 0.567 0.365 0.951   0.726 
 
Table 3. Mean (SD) bone physical properties according to social characteristics and physical activity in boys. 
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Abstract 
Background: Childhood and adolescence are hypothesized to be sensitive periods for bone 
mass acquisition and adult bone health. Consequently, pediatric bone health has been 
widely studied. Nevertheless, evidence regarding dual energy x-ray absorptiometry (DXA) 
usefulness for pediatric research is lacking. 
Objective: To study the agreement between peripheral and whole body DXA measures, and 
to assess the ability of DXA measures to predict fracture risk at all sites. 
Methods: We used data from 1777 7-year old children from Generation XXI cohort. Central 
measures of subtotal, lumbar spine bone mineral content (BMC) and bone mineral density 
(BMD) and left arm BMD as well as forearm BMD peripheral measure were determined. 
Fracture history was reported by parents. The Bland-Altman method and respective limits of 
agreement (LOA) as well as Cohen’s kappa and 95% confidence interval (95% CI) were 
computed. We plotted receiver operator characteristic curves and calculated the area under 
the curves (AUCs) and their 95% CIs.  
Results: The LOA were wide: -1.87 to 1.87 SD, -2.20 to 2.20 SD and -1.96 to 1.96 SD for 
the comparison between peripheral and subtotal, lumbar spine and left arm measures, 
respectively. Kappa was weak, with values below 0.40. Central and peripheral measures 
lacked predictive ability to fracture: all AUCs were close to 0.50  
Conclusion: Peripheral measures of DXA have limited utility in children, either for research 
on normal bone development or as a basis for clinical decision. 
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Introduction 
The clinical relevance of osteoporosis is well-known and dual energy x-ray absorptiometry 
(DXA) remains the gold-standard method to assess bone physical properties (BMD and 
BMC) both in adults and children [1], in clinical and research settings. In clinical settings DXA 
in children has been mostly used to diagnose or monitor secondary osteoporosis in specific 
conditions. In research, however, pediatric DXA scans were increasingly used due to their 
tempting availability, safety, ease of use and ability to estimate body composition. 
Conceptually, investigating bone quality in generally healthy children follows the life course 
premise that childhood and adolescence are sensitive periods for bone mass acquisition and 
to bone health in adulthood. 
DXA measures can be obtained for whole body or peripheral sites (forearm or calcaneus). 
Peripheral devices are portable, which makes them particularly valuable to increase research 
participation rate [2]. Also, peripheral scans take substantially less time, which is rather 
helpful when evaluating young children [3]. Overall, when the aim is to quantify bone 
properties, the practical advantages of peripheral measures would in theory make them 
ideal. Yet, epidemiological classifications - and subsequent clinical decision based on 
reference values - demand that such substitution is supported by good agreement. So far 
few investigations have studied this and the ones that did showed disappointingly low 
agreement. However, these evaluated small sample sizes and/or wide age ranges, and may 
have lacked the power to detect a true effect at any given age [2, 4]. 
Additionally, studying DXA as a research tool should extend beyond the agreement between 
peripheral and central measures, and include its accuracy to predict relevant clinical 
outcomes. Despite that, the validity of peripheral DXA to predict pediatric fractures has been 
overlooked [5], maybe due to generally weak associations between central bone physical 
properties and fracture [6]. 
 
Therefore, we aimed to explore, in a large sample of 7 year-old children, the agreement 
between peripheral and whole body DXA measures, and to assess the ability of DXA 
measures to predict fracture risk at all sites.  
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Methods 
A subsample of children from Generation XXI cohort [7] attending the 7-years old evaluation 
between December 2012 and August 2013, underwent both a whole-body DXA and a 
peripheral scan of the non-dominant forearm (n=1177 valid scans). Whole-body scans were 
performed with a Hologic Discovery QDR® 4500W device, from which we extracted subtotal 
(total body less head) and lumbar spine BMC (g) and BMD (g/cm2), and left arm BMD - 
central measures. A Lunar® Peripheral Instantaneous X-ray Imager was used to obtain 
forearm BMD – peripheral measure. Fracture history was reported by parents, including age, 
anatomical site and number of fractures. 
Statistical analysis 
We computed sex-specific BMC and BMD z-scores and used them as continuous variables 
for agreement analysis with the Bland-Altman method. Mean difference and limits of 
agreement (LOA) were estimated, since assumptions were met. Also, we performed a 
categorical transformation of z-scores using cut-offs at each unit of standard deviation to 
estimate concordance between categories. We calculated observed agreement and Cohen’s 
linear weighted kappa (κ) and the respective 95% confidence interval (95% CI), to account 
for the agreement expected by chance.  
We plotted receiver operator characteristic (ROC) curves and calculated the area under the 
curves (AUC) and their 95% CIs to assess DXA measures accuracy to predict fracture. 
Likelihood ratios with 95% CIs were computed for z-score categories. Children with missing 
information for fracture (n=2) and fractures prior to two years of age (n=16) - likely resulting 
from severe trauma, regardless of bone quality - were excluded from this analysis. 
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Results 
Agreement between central and peripheral measures  
Figure 1A plots the difference against the average of central and peripheral BMD measures. 
The intervals between LOAs were remarkably wide: -1.87 to 1.87 SD, -2.20 to 2.20 SD and -
1.96 to 1.96 SD for the comparison of peripheral BMD z-scores with subtotal, lumbar spine 
and left arm measures, respectively. Figure 2A presents the observed and expected 
agreement between peripheral and central measures, as well as Cohen’s kappa. Overall, the 
agreement between measures beyond chance was weak with kappa values below 0.40. The 
observed agreement among those with low bone physical properties for chronologic age (z-
score <-2 SD) was less than 0.50%. 
Agreement between central measures  
The limits of agreement of subtotal vs. lumbar spine BMD, and left arm vs. lumbar spine 
BMD were also quite far apart: -1.65 to 1.65 SD and -1.95 to 1.95 SD, respectively. However, 
for subtotal vs. left arm BMD the LOA were narrower (-0.88 to 0.88 SD) (Figure 1B), and 
Cohen’s kappa was 0.70 (0.68-0.71), indicating good agreement (Figure 2B). 
Predictive ability for fracture 
Bone physical properties lacked predictive ability for fracture at all sites: all 95% CI of 
likelihood ratios included the value 1. Concordantly, AUCs were low for all measures: 
subtotal BMD (0.51, 95%CI: 0.43-0.59) and BMC (0.50, 95%CI: 0.42-0.58), lumbar spine 
BMD (0.46, 95%CI: 0.39-0.52) and BMC (0.45, 95%CI: 0.38-0.52), and forearm BMD (0.45, 
95% CI: 0.38-0.53). In further sensitivity analysis, forearm BMD was not predictive of upper 
limb fracture (arm and forearm) (0.44, 95%CI: 0.32-0.55). 
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Discussion 
Our study argues against the use of forearm BMD as proxy for central measures of BMD, 
suggesting limited utility of peripheral measures in population based research on skeletal 
development. The agreement between peripheral and central measures is generally 
consistent with previous publications [2, 4] and extends the existing knowledge to a large 
population-based sample of children of the same age. We found that there is not site-
specificity between methods, once whole-body-derived left arm BMD and forearm BMD 
lacked agreement, which is consistent with a previous study [4]. Regarding clinical 
application, peripheral BMD measures are not accurate in identifying children with low BMD 
for chronologic age (z-score < -2 SD) when taking central measures as reference. This 
provides quantitative support to the prudence of clinicians in recommending pediatric 
peripheral DXA. Surprisingly, peripheral and central measures were not concordant even 
when ranking children in BMD distributions, since depending on the measure chosen 
children were differently classified, which also hampers the creation and interpretation of 
reference curves from peripheral measures in children. Therefore, the utility of these 
measures in research seems quite limited. 
An additional concern raised by our findings is the generally poor agreement between central 
measures. One explanation can be the high degree of site-specificity, given the well-known 
micro and macrostructural differences between skeletal regions. This explanation is 
supported by our finding of a better (but still not optimal) agreement between left arm and 
subtotal measures, the former being more representative of the latter than other regions such 
as the spine. Nevertheless, greater concordance was expected since determinants of bone 
development act systemically and all central measures were determined with the same DXA 
machine and in the same scan. 
Importantly, neither central nor peripheral bone physical properties predicted fracture, which 
is consistent with current literature [5] – fracture prediction is validated only in women aged 
over 64 years - supporting the uselessness of DXA to quantify fracture risk in general 
pediatric populations. It should be noted that we did not assess measures reproducibility. 
 
This investigation provides evidence that peripheral measures of bone physical properties in 
children have limited utility, either for research on normal bone development or as a basis for 
clinical decision.  
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Figure 1. Bland-Altman: A –plot of the difference against the average of central and peripheral BMD measures; A – plot of the difference against the average 
of central measures. 
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Figure 2. Observed and expected agreement for BMD z-scores categories between: A- peripheral and central measures; B- central measures. 
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Abstract  
Background: Childhood fractures usually result from moderate to severe trauma during 
normal organized or leisure-time activity. We hypothesized that any protective effect of bone 
physical properties on fracture should be more clearly observed for higher levels of exposure 
to physical exertion, as a proxy of trauma probability.  
Methods: We used cross-sectional data collected at 7 years of age from 5843 children of 
Generation XXI cohort (51.3% boys). Fracture history, time spent in active plays and time 
spent in sports practice were reported by parents. Subtotal (ST) and lumbar spine (LS) bone 
mineral content (BMC) and bone mineral density (BMD) were measured by dual-energy X-
ray absorptiometry in a subsample (n=2420).  
Results: Fracture prevalence in the cohort was 6.4%. Bone physical properties were 
protective of fracture for the highest level of active plays (> 660 min) in girls (OR (95%CI): ST 
BMC = 0.25 (0.10-0.64), ST BMD = 0.16 (0.05-0.46), LS BMD = 0.40 (0.22-0.74)). In boys, 
similar results were found for the highest quartile of time spent in sports practice (OR (95% 
CI): ST BMC = 0.40 (0.16-1.00), LS BMC = 0.51 (0.27-0.96)). 
Conclusion: The protective effect of improved bone physical properties on fracture was 
observed only for children exposed to the highest levels of physical activity.  
  
60 
 
  
61 
 
Introduction 
Childhood fractures are common and account for 10 to 25% of all pediatric injuries [1]. The 
accumulated risk of sustaining a fracture from birth until 16 years of age is 27% for girls and 
42% for boys [2], and fracture incidence peaks around 10-12 years old in girls and 13-15 
years old in boys, which is coincident with the growth spurt [1, 3, 4]. The most common 
anatomical site of fracture in children is the upper limb, mainly the forearm [5]. Fractures 
usually result from falls, collisions or traumatic events and have short-term impact on 
children’s lives since they may result in time off from school and activity-restricted days. 
Complications associated to fractures, such as acute compartment syndrome, bone 
malalignment or limb overgrowth, can also affect children’s health and development. In the 
long term, fractures can also lead to degenerative changes, such as secondary osteoarthritis 
[6]. 
Systemically, childhood fractures can be seen as an early marker of bone fragility, since 
children that sustain fractures, both as a result of mild [7] or even moderate to severe trauma 
[8], have, on average, decreased bone physical properties. Following a life course approach 
to chronic disease causation [9], there is evidence that unapparent skeletal deficits during 
childhood may track significantly throughout life [10, 11]. Indeed, even though severe bone 
fragility in childhood is rare, research suggests that children who sustain a fracture are more 
likely to have decreased bone strength as adults [12, 13], which is well known to increase the 
risk of fragility fracture in older ages [14]. 
The contribution of bone properties to fracture risk in non-athlete children is particularly 
difficult to assess, since pediatric fractures frequently result from moderate-energy trauma, 
which can hardly be attributed to underlying bone strength alone [6, 15, 16]. To make it even 
more challenging, it is accepted that common levels of physical exertion have a dual effect 
on fracture occurrence. On the one hand, they contribute directly to increase fracture risk due 
to higher inherent exposure to injury (e.g. falls and collisions) [17]. On the other hand, 
exertion has a protective effect on the risk of fracture due to its mechanical stimulus of bone 
formation, improving bone physical properties [18]. 
This set of mechanisms can be summarized in the following premises: a) bone physical 
properties are inversely associated with fracture risk [19]; b) intense physical activity is 
directly and independently associated with fracture risk due to increased trauma probability 
[18]; c) intense physical activity has a positive effect on bone mass and strength in children 
[18-22]. Taken together, these findings may seem contradictory, but a possible explanation 
may be an interaction of bone physical properties with physical activity to produce fracture. 
Specifically, it is plausible that the relation between bone physical properties and fracture risk 
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is modified by trauma frequency and severity, i.e. the protective role of bone physical 
properties on fracture may vary qualitatively with the level of physical exertion imposed, 
regardless of its osteogenic contribution to bone formation. Therefore, to explore the extent 
to which fractures in the pediatric population reflect the burden of life-long bone fragility, the 
relative contribution of bone physical properties should be estimated according to the regular 
level of exposure to trauma in an interaction perspective. Trauma frequency is challenging to 
assess, but there is evidence that both organized sports and leisure-time activity are clear 
predictors of injury risk [17] and can be used as its proxy. To the best of our knowledge, no 
study so far has investigated this mechanistic interaction hypothesis.  
 
Therefore, in the present study, we aim to describe the occurrence of fracture up to seven 
years of age in a large population-based birth cohort and to estimate associations between 
bone physical properties and fracture by levels of physical activity at 7 years of age.  
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Methods 
Participants 
This study was conducted within the Generation XXI population-based birth cohort. Briefly, 
the cohort was assembled during 2005-2006 in five public maternity units, covering six 
municipalities of the metropolitan area of Porto, Portugal. Mothers who delivered a live-born 
(gestational age ≥ 24 weeks) were invited to participate in the cohort in the 24-72 hours 
following delivery. At this stage, 91.4% of the invited mothers accepted to participate, which 
resulted in 8495 mothers and 8647 infants included in the cohort. At 4 years old the entire 
cohort was invited to participate in a follow-up, and 5977 (69.1% of the initial sample) 
children were evaluated. Between April 2012 and April 2014, 5843 children (67.6% of the 
initial sample) were evaluated in the seven years old follow-up. Detailed methods have been 
described elsewhere [23]. In this study, we used cross-sectional data collected at 7 years of 
age. 
 
Ethics Statement 
The Generation XXI study was approved by the University of Porto Medical School/ S. João 
Hospital Centre ethics committee and by the National Committee for Data Protection. Written 
informed consent according to Helsinki Declaration was obtained from all participants at all 
evaluations. 
 
Data Collection Procedures  
Outcome Assessment 
Children’s lifetime history of fracture was assessed in a face-to-face structured questionnaire 
applied to parents. The anatomical site of fracture, the number of fractures, as well as the 
age of the first fracture at each site were recorded. Anatomical sites of fracture were 
aggregated into “upper limb” (arm, forearm, fist, collarbone elbow, hand and fingers), “lower 
limb” (leg, thigh, knee, ankle, foot and toes), “head and trunk” (cranium, maxillaries, hip, 
pelvis, spine and ribs) and “unspecified sites” (when the site of fracture was not reported by 
parents). 
Anthropometrics and Body Composition Assessment 
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Anthropometric measures at seven years of age were obtained by trained interviewers while 
children stood barefoot in light indoor clothing. Height (cm) and weight (kg) were measured 
to the nearest tenth using a wall stadiometer (Seca®) and using a digital scale (Tanita®), 
respectively. Body mass index (BMI) (kg/m2) was calculated through the ratio of weight and 
squared height.  
In the 7 years old follow-up children evaluated between 1st of December 2012 and 31th of 
August 2013 were consecutively invited to perform an additional whole body dual-energy X-
ray absorptiometry (DXA) - 3014 eligible children. Of the eligible children, 2420 performed 
the scan (80.1%), but 13 exams were removed from analysis due to movement, artifacts or 
other logistic issues (2407 valid scans). DXA was performed using a Hologic Discovery 
QDR® 4500W device, and the following bone physical properties were determined: bone 
mineral content (g) (BMC) and bone mineral density (g/cm2) (BMD), measured for subtotal – 
whole body except the head - and lumbar spine (LS). Additionally, subtotal lean mass (kg), 
fat mass (kg) and total fat percentage (%) were also measured by DXA. Bone physical 
properties and body composition z-scores were calculated through the difference between 
each participant’s parameter and the sample mean, divided by the sample standard 
deviation, stratified by sex. 
Physical activity practice 
Physical activity was used as a proxy for trauma frequency. Average daily time spent in 
activities such as playing, riding bicycle, running and other active plays was recorded for 
weekdays and weekend days, and the time spent in active plays per week was calculated. 
Additionally, the time that children spent in programmed sports activities per week was also 
collected.  
Since significant differences for the median time spent in the practice of sports and the 
median time spent in active plays between boys and girls were found (Table 1), sex-specific 
percentiles were calculated for these variables. Time spent in sports practice resulted in the 
following categories ≤90 min/week, >90-135/week min, >135-225 min/week, >225 min/week 
for girls, and ≤90 min/week, >90-162.5 min/week, >162.5-240 min/week, >240 min/week for 
boys. As for the time spent in active plays the categories ≤270 min, >270-480 min, >480-660 
min, >660 min and ≤270 min, >270-510 min, >510-720 min, >720 min for girls and boys, 
respectively, were created. 
Statistical Analysis 
In order to describe fracture occurrence in the cohort, those that had missing information for 
fracture history (n=16) were removed from the analysis (5827 participants included). To 
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accomplish the second objective - estimate the association between bone physical properties 
and fracture by levels of physical activity – only children with DXA were included in further 
analysis (n=2233 participants). Children with missing information for any variable of interest 
(n=142) were excluded from the analysis. In addition, fractures prior to two years of age 
(n=32) were also removed from the analysis of the effect of bone properties on fracture risk, 
since these generally result from delivery or may be due to accidental falls related to 
clumsiness on the part of the carers (37%) or even child abuse [24, 25], and are not related 
to children behaviour. 
Children with DXA scans included in the analysis (n=2233), were on average lighter (25.9 vs. 
26.4 kg, p<0.001) and smaller (123.4 vs. 123.8 cm, p=0.005) and as a consequence, also 
had lower body mass index (16.9 vs. 17.1 kg/m2, p<0.001) than the rest of the children in the 
cohort (n=3609). Children with DXA scan included in the analysis were also younger than the 
remaining cohort (7.1 vs. 7.2 years, p<0.001), which explains the differences in height and 
weight. Also, children that performed the scan had higher median (25th percentile, 75th 
percentile (P25; P75)) time spent in sports practice (150 (90; 240) vs. 120 (60; 180) min/week, 
p<0.001). As for time spent in active plays the medians were similar, but the 25th and 75th 
percentile were lower in children with DXA scan than in the remaining cohort (510 (270; 690) 
vs. 510 (290; 780) min/week, p=0.002). In addition, the prevalence of fracture of all children 
in the cohort was higher than the prevalence of fracture of the children included in the 
analysis (7.0% (n=250 fractures) vs. 5.4% (n=121 fractures), p=0.019). To account for these 
differences, data analysis was adjusted for height, weight and age, while the main analysis 
was by design stratified by physical activity level. 
Fracture occurrence in the cohort was described with frequencies (percentage). Chi-square 
or Fisher's exact tests were used to test differences in proportions as appropriate. Student’s t 
test or Mann-Whitney test were used to compare the distributions of continuous variables 
between groups, as appropriate. In order to estimate the associations between bone physical 
properties and body composition with fracture logistic regression models for each sex were 
fitted using the non-fracture group as reference. Crude and adjusted odds ratios (OR) with 
95% confidence intervals (95% CI) were computed and estimates were adjusted for height, 
weight and age. Linear regression was used to calculate BMC and BMD means adjusted for 
height, weight and age according to time spent in active plays and time spent weekly in the 
practice of sports in order to assess the effect of physical activity on bone physical 
properties. Adjusted logistic regression models stratified according to time spent in active 
plays and time spent weekly in the practice of sports were computed to assess qualitative 
effect modification by physical activity on the association between bone physical properties 
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and fracture. Statistical analysis was performed using Stata version 11.2 for Windows (Stata 
Corp. LP, College Station, Texas, USA). 
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Results 
 
Fracture Occurrence  
Of the 5827 children with information for fracture 371 (6.4%) sustained at least one fracture. 
Of those with a reported fracture, 321 (86.5%) children sustained one fracture, 39 (10.5%) 
had two fractures and the remaining 11 (3.0%) sustained at least 3 fractures. In total, 443 
fractures were reported. Although the life prevalence of fracture was higher in males than in 
females, this difference was not significant (6.9% vs. 5.8%, p=0.096). Boys presented higher 
number of fractures at all ages, except at two years of age. In addition, 50% of all fractures 
occurred after age 5 (Figure 1). 
The majority of all fractures occurred in the upper limb (76.3%), followed by the lower limb 
(15.1%) and unspecified sites (5.0%), and the head and trunk (3.7%). Though no differences 
in the prevalence of fractures by sex was observed, significant differences were found in the 
anatomical site of fracture between sexes; boys fractured the upper limb more frequently 
(85.1% vs. 73.7% of all specified fractures), while girls fractured the lower limb more often 
(23.4% vs. 11.5% of all specified fractures). The prevalence of fractures at the head and 
trunk were similar in both sexes (2.9% vs. 3.4% of all specified fractures, for girls and boys, 
respectively). Upper limb fractures accounted for the largest proportion of fractures at all 
ages both in girls and boys. In girls, with the exception of the first year of life, lower limbs 
fractures contributed from 20 to almost 40% of all specified fractures. In boys, in the first 
years these fractures accounted from 10 to 35%, but after 5 years of age these contributed 
only to 5% or less of all specified fractures. Regarding fractures at other anatomical location, 
their contribution was residual at all ages both for girls and boys. 
 
Anthropometry, body composition, bone physical properties, behavioural 
characteristics and fracture history  
At seven years of age boys were significantly taller than girls, but girls had higher BMI. Boys 
had higher subtotal BMC (600.8 vs. 591.2 g, p=0.008) and BMD (0.623 vs. 0.612 g/cm2, 
p<0.001). However, girls presented higher lumbar spine BMD than boys (0.684 vs. 0.669 
g/cm2, p<0.001). Regarding the remaining characteristics of body composition, girls had 
higher fat mass than boys (8.5 vs. 7.0 kg, p<0.001) and, as a consequence, higher fat 
percentage (35.3% vs. 29.5%, p<0.001), but boys had higher lean mass than girls (15.8 vs. 
14.7 kg, p<0.001).  
As for physical activity, boys had higher median (25th percentile, 75th percentile (P25; P75)) 
time in active plays per week (510 min (270; 720) vs. 480 min (270; 660), p=0.024) and had 
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also higher median time spent in sports practice (135 min (90; 225) vs (162.5 min (90; 240), 
p=0.031) than girls. After excluding fractures up to two years of age as well as children with 
missing data on any of the relevant variables, the number of girls and boys with fractures 
included in further analysis was similar (56 vs. 65 fractures, respectively) (Table 1). 
 
Body composition and fracture 
When adjusted for weight, height and age, girls with fracture history presented decreased 
bone physical properties, both subtotal (BMC adjusted OR = 0.52, 95%CI: 0.31-0.88 and 
BMD adjusted OR = 0.48, 95%CI: 0.28-0.82) and at the lumbar spine (BMC adjusted OR = 
0.69, 95%CI: 0.51-0.93 and BMD adjusted OR = 0.67, 95%CI: 0.50-0.91). For boys, no 
differences were observed. Regarding crude measures, no associations were found. Also, no 
significant differences were seen between the non-fracture and fracture group for subtotal fat 
mass, lean mass and fat percentage either for boys or for girls (Table 2). 
 
Physical activity and fracture  
In girls, there was a borderline non-significant association between the time spent in sports 
practice and fracture history, with an apparent increasing trend: girls that fractured were 
more likely to spend more time in sports practice. For time spent in active plays, a higher 
proportion of girls with fracture in the highest quarter was found. In boys, no association was 
found between physical activity and fracture history (Table 3). 
 
Physical activity and bone physical properties 
No association was found between bone physical properties and activity levels for girls. 
Nonetheless, in boys, bone physical properties were significantly higher in those that spent 
the most time in sports practice per week (>240 min) at all sites, except for lumbar spine 
BMC (Table 4). 
 
Interaction between physical activity and bone physical properties in relation to 
fracture 
Among girls in the highest category of time spent in active plays (>660 min), history of 
fracture was associated with decreased subtotal BMC and BMD, as well as with lumbar 
spine BMD (OR (95% CI) = 0.25 (0.10-0.64), 0.16 (0.05-0.46) and 0.40 (0.22-0.74), 
respectively). The association with lumbar spine BMC was borderline non-significant (OR = 
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0.66, 95% CI = 0.39-1.10). In boys, for those in highest category of activity (>720 min/week) 
was found only a borderline association between the odds of fracture and subtotal BMC (OR 
= 0.42, 95% CI: 0.14-1.21).  
Regarding organized sports, significant associations were found between BMC and BMD 
lumbar spine and the odds of fracture for the highest levels of physical activity (>225 min) in 
girls (OR (95% CI) = 0.51 (0.27-0.94), 0.53 (0.28-1.00)). Also, in girls, a borderline non-
significant association was found for subtotal BMD and fracture for those in the highest level 
(OR = 0.41, 95%CI: 0.15-1.12). Among boys in the highest category of sports practice (>240 
min/week), higher subtotal and lumbar spine BMC was inversely associated with lower odds 
of fracture (OR (95% CI) = 0.40 (0.16-1.00); 0.51 (0.27-0.96)) (Figure 2). 
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Discussion 
In the present study, the lifetime prevalence of fracture at 7 years of age was 6.4%, with no 
overall difference between boys and girls. We found that fractures were the result of an 
interaction between bone physical properties and activity levels: the protective effect of bone 
physical properties on fracture was observed only in children exposed to the highest levels of 
physical activity. Thus, the protective effect of bone properties seems to require a physical 
activity threshold. 
We observed that upper limb fractures were more prevalent until seven years of age, even 
though they accounted for a larger proportion of all fractures in boys than in girls. Lower limb 
fractures contributed to a large fraction of fractures up to six years old in girls, while in boys 
after 5 years of age they accounted for only 5% or less of all fractures. Upper limb fracture 
were the most frequent (76.1%) in this study which is in line with the results obtained in the 
United Kingdom (UK) and Finland in children aged 0-16 years. Both investigations reported 
that the upper limb was the main anatomical fracture site, accounting for 82.2% and 73.0% of 
all fractures, respectively. Mäyränpää et al. reported that lower limb fractures accounted for 
22% of all fractures and that fractures at the head, spine or pelvis represented only 5% of all 
fractures. Rennie et al. also reported that lower limb fractures accounted for 17.3% of all 
fractures and 0.5% were fractures of the spine or pelvis [1, 4]. In addition, both describe a 
bimodal distribution of fracture age; the first peak occurring between 5-7 years old - which is 
consistent with the peak found in our study - and the second occurring simultaneously with 
peak height velocity – around 10-12 years old for girls and 13-15 years old for boys [1, 4]. In 
our study, boys presented higher frequency of fractures than girls at almost all ages, which is 
in accordance with previous research [1, 3].  
In our study, some degree of sexual dimorphism was observed. In girls only, bone physical 
properties were inversely associated with fracture occurrence. Indeed, a systematic-review 
and meta-analysis suggested an association between low BMD and fracture in children aged 
0 to 16 years old [26]. More recently, a prospective study of children followed for a period of 
two years starting at age 9.9, showed that fracture risk was related to volumetric BMD [6]. 
Also, in another prospective study conducted in 176 healthy boys aged 7 followed until 15 
years of age, fracture risk during follow-up was associated with lower aBMD at the femoral 
neck, total hip, femoral diaphysis and lumbar spine BMD at 15 and at 7 years old [27]. 
Nonetheless, when compared to observations in adults, the association between bone 
properties and fractures in children is far from strong in most studies and does not contradict 
our findings [26]. 
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One of the potential explanations for the weak associations between bone physical 
properties and fracture is the complex role of physiological trauma in determining both 
fracture risk and bone properties themselves [28]. Regarding the positive contribution of 
physical activity to bone physical properties, we found that boys who spent the most time in 
sports practice had increased bone physical properties comparatively to all others, but in girls 
we found no such association. This may be the result of a differential response to mechanical 
stimuli between sexes, but can also result from the decreased activity levels of girls that are 
not sufficient to reach the necessary threshold so that an effect on bone physical properties 
is observed [29, 30]. As for the role of trauma in increasing fracture risk, though some studies 
report that children with fractures are more active [31], so far, only a prospective cohort study 
has demonstrated that physical activity was an independent risk factor for fracture [18]. In our 
study this evidence was not striking. In girls, we observed that those with fracture were more 
likely to spend more time in sports practice than those without a history of fracture, but the 
association was not significant. In boys, no association between fracture history and physical 
activity was seen. The lack of an independent association in our results showed that, until 
seven years old, fractures were not solely explained by regular exposure to injury.  
It is commonly accepted that physical activity has a dual effect on fracture risk, but its 
potential role as a modifier of the effect of bone physical properties on fracture had not been 
investigated yet. Our results showed that the association of bone physical properties and 
fracture risk was qualitatively different between levels of physical activity. First, in children 
with lower activity levels, we found no association between bone properties and fracture. 
Since trauma is a necessary cause of fracture, it is likely that fractures in less active children 
have resulted from severe, unpredicted trauma that could have caused fracture 
independently of underlying bone strength, and which was not captured through our 
measurement of regular physical activity. In contrast, in the highest category of physical 
activity, bone physical properties were protective of fracture both in girls and boys, although 
more consistently in girls. A framework to interpret our results is the documented threshold 
effect of physical activity [32], which might need high frequency or intensity level to uncover 
an effect of lower bone quality on increased fracture risk. In such a case, trauma and bone 
physical properties would be synergistic in producing fracture, but only in children with higher 
exposure to regular physical activity. 
Studies regarding the effects of physical activity on bone development consistently report the 
practice of physical activity improves bone physical properties [20-22]. Until now, only two 
investigations have studied bone physical properties, physical activity and fracture 
simultaneously, but reached different results. One of those was a prospective cohort study 
that concluded that physical activity was independently associated with fracture [18]; the 
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other was a prospective controlled intervention study that reported that physical activity was 
associated with decreased fracture risk [19]. Diverging results are likely to result from study 
design, as controlled intervention studies are more likely to optimize the quality of exposure, 
and therefore its potential benefit, when compared to observational investigations like our 
own.  
Some methodological issues need to be addressed. First of all fracture history was not 
confirmed with X-ray scan or clinical records but reported by children’s parents and therefore 
subject to recall bias, which may have resulted in outcome misreporting. Indeed, Moon et al. 
showed that one in each six fractures reported by parents did not occur [33], while another 
study in an adult population showed that underreported fractures may underestimate 
associations [34]. Also, trauma intensity was not recorded which could have allowed to 
distinguish mild from moderate and severe trauma. Nonetheless, a prospective cohort study 
showed that bone fragility contributes to fracture risk not only in mild trauma but also in 
moderate and severe trauma [8], which is not completely coherent with our results. 
Additionally, even though DXA is the preferred method to determine bone physical properties 
due to its speed, precision, low cost, safety and widespread availability, it has a main 
disadvantage: DXA does not provide a true volumetric bone mineral density, but an areal 
BMD (aBMD). As a consequence smaller bones appear to have smaller aBMD comparatively 
to larger bones [35]. However, weight, height and age were incorporated in all models as a 
way to avoid the possibility of size-related artifacts. 
Furthermore, this study is also limited by its cross-sectional design, since dual energy X-ray 
absorptiometry was measured at seven years of age, while fracture occurrence comprised 
lifetime history up to that point. Therefore, it is possible that bone physical properties have 
changed between the fracture episode and the DXA scan, even though some degree of 
tracking is expected to occur. For example Foley et al. showed that BMC and BMD tracked 
significantly from 8 until 16 years old, also Kalkwarf et al. demonstrated that these measures 
tracked highly from 6 to 16 years old [10, 11]. In addition, though tracking of bone properties 
was not assessed, a study in children followed since birth up to 7 years old showed a fair to 
moderate degree of tracking of body size [36]. Besides, data on exposures and outcome 
were also collected cross-sectionally and, even though the age of fracture is reported, 
physical activity practice may have changed between the fracture episode and the DXA 
assessment. Finally, the data collected were reported by parents in face-to-face interview, 
which is subject not only to memory bias but also to social desirability bias. 
Nevertheless, the present study has many strengths. First of all, we used data from a 
population-based birth cohort, which included children born during a short period 
(2005/2006), thereby avoiding confounding by age or cohort effects. Also, the study was 
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based on a large sample, which provides more statistical power than most studies conducted 
in other settings. Additionally, this is the first study, to the best of our knowledge, conducted 
in such young children and prior to the growth spurt. Therefore the question of transient 
skeletal fragility as main cause of fracture does not arise. This is particularly important since 
previous studies have included children in a large range of ages [16] or entering the growth 
spurt [6, 27], where diminished bone physical properties result partly from transient fragility – 
children grow fast in height but bone growth in width (appositional growth) does not 
accompany increase in length. In this study, we provide evidence that bone physical 
properties already contribute to fracture risk prior to growth spurt, provided children are 
exposed to enough physical activity.  
 
In this study, an association of bone physical properties with fracture risk was present only in 
children in the highest levels of physical activity. Therefore, in prepubertal healthy children, 
higher levels of exertion seem necessary to observe a protective effect of bone physical 
properties on fracture.  
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Figures and Tables 
 
 
 
Figure 1.  Distribution of the number of fractures according to the age of first fracture at each 
anatomical site by sex. Dark Grey - Girls; Light Grey - Boys. 
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  Girls (n=1055) Boys (n=1178) p 
Mean Weight (kg) (SD) 27.3 (5.9) 27.1 (5.2) 0.561 
Mean Height (cm) (SD) 124.0 (5.6) 125.1 (5.5) <0.001 
Mean Body Mass Index (kg/m
2
) (SD) 17.6 (2.8) 17.2 (2.4) 0.001 
Subtotal Fat Mass (kg) (SD) 8.5 (3.6) 7.0 (3.1) <0.001 
Subtotal Lean Mass (kg) (SD) 14.7 (2.3) 15.8 (2.3) <0.001 
Subtotal Fat Percentage (%) (SD) 35.3 (7.1) 29.5 (7.0) <0.001 
    Subtotal BMC (g) (SD) 591.2 (85.7) 600.8 (85.5) 0.008 
Subtotal BMD (g/cm
2
) (SD) 0.612 (0.057) 0.623 (0.053) <0.001 
Lumbar Spine BMC (g) (SD) 18.6 (3.5) 18.8 (3.7) 0.196 
Lumbar Spine BMD (g/cm
2
) (SD) 0.684 (0.067) 0.669 (0.063) <0.001 
 
   Fracture (%) 
  
0.831 
No 998 (94.6%) 1113 (94.5%) 
 Yes 56 (5.3%) 65 (5.5%) 
 
 
   Time spent in sports practice per week (min) 
  
0.031 
50
th
 percentile (25
th
;75
th
) 135 (90; 225) 162.5 (90; 240) 
 Time spent in active plays per week (min) 
  
0.024 
50
th
 percentile (25
th
;75
th
) 480 (270; 660) 510 (270; 720) 
  
Table 1. Anthropometric and behavioral characteristics, body composition and fracture history at 
seven years of age according to sex. Data are presented as mean and standard deviation (SD), 
counts (n) and frequencies (%) or as median and percentiles (25
th
 percentile, 75
th
 percentile). 
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  Girls
a
 Boys
b
 
Body Composition 
 (per z-score unit) 
Crude OR  
(95% CI)
c
 
Adjusted OR  
(95% CI)
c,d
 
Crude OR  
(95% CI)
c
 
Adjusted OR 
(95% CI)
c,d
 
Subtotal BMC 1.06 (0.81-1.38) 0.52 (0.31-0.88) 1.06 (0.83-1.36) 0.95 (0.60-1.48) 
Subtotal BMD 1.04 (0.80-1.37) 0.48 (0.28-0.82) 1.08 (0.84-1.38) 1.02 (0.66-1.59) 
Subtotal Fat Mass 1.21 (0.95-1.54) 0.90 (0.34-2.44) 1.07 (0.84-1.36) 1.36 (0.63-2.95) 
Subtotal Lean Mass 1.21 (0.94-1.56) 0.72 (0.36-1.44) 1.06 (0.83-1.36) 0.88 (0.49-1.59) 
Subtotal Fat Percentage 1.15 (0.88-1.50) 0.97 (0.62-1.54) 1.07 (0.83-1.36) 1.14 (0.75-1.73) 
Lumbar Spine BMC 0.80 (0.60-1.06) 0.69 (0.51-0.93) 1.02 (0.79-1.30) 0.96 (0.73-1.26) 
Lumbar Spine BMD 0.81 (0.62-1.08) 0.67 (0.50-0.91) 1.09 (0.85-1.40) 1.06 (0.81-1.40) 
Abbreviations: DXA: Dual Energy X-ray Absorptiometry; OR: Odds Ratio; 95% CI: 95% Confidence Interval; BMC: 
Bone Mineral Content; BMD: Bone Mineral Density.  
a
Number of girls without fracture is 999 and with fracture is 56.  
b
Number of boys without fracture is 1113 and with fracture is 65.  
c
Non-fracture group as reference
  
d
Adjusted for height, weight and age.  
 
Table 2. Association of body composition with fracture according to sex. 
 
 
  Girls (n=1055) Boys (n=1178) 
Time spent in sports 
practice per week 
No Fracture 
(n=999) 
Fracture 
(n=56) 
No Fracture 
(n=1113) 
Fracture 
(n=65) 
1st quarter 304 (30.4%) 8 (14.3%) 304 (27.3%) 20 (30.8%) 
2nd quarter 216 (21.6%) 13 (23.2%) 250 (22.5%) 15 (23.1%) 
3rd quarter 243 (24.3%) 18 (32.1%) 318 (28.6%) 14 (21.5%) 
4th quarter 236 (23.6%) 17 (30.4%) 241 (21.7%) 16 (24.6%) 
p 0.070 0.659 
Time spent in active plays 
per week 
    1st quarter 295 (29.5%) 13 (23.2%) 290 (26.1%) 16 (24.6%) 
2nd quarter 219 (21.9%) 10 (17.9%) 262 (23.5%) 22 (33.8%) 
3rd quarter 247 (24.7%) 13 (23.2%)  280 (25.2%) 15 (23.1%) 
4th quarter 238 (23.9%) 20 (35.7%) 281 (25.2%) 12 (18.5%) 
p 0.236  0.262 
In girls the quarters of time spent in sports practice are ≤90 min, >90-135 min, >135-225 min, >225 min and for 
time spent in active plays are ≤270 min, >270-480 min, >480-660 min, >660 min. In boys the quarters of time 
spent in sports practice are ≤90 min, >90-162.5 min, >162.5-240 min, >240 min and for time spent in active plays 
are ≤270 min, >270-510 min, >510-720 min, >720 min. 
 
Table 3. Association of time spent in sports practice and time spent in active plays per week with 
fracture according to sex. 
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Girls (n=1055) 
  Subtotal  Lumbar Spine 
  BMC  BMD  BMC  BMD 
Time spent in sports 
practice per week 
(%) 
n (%) 
 
Mean LCI 95% 
UCI 
95%  
Mean LCI 95% 
UCI 
95%  
Mean LCI 95% 
UCI 
95%  
Mean LCI 95% 
UCI 
95% 
≤90 min 312 (29.6%) 593.5 588.7 598.3 
 
0.610 0.607 0.613 
 
18.7 18.4 19.1 
 
0.685 0.678 0.691 
>90-135 min 229 (21.7%) 
 
588.2 582.7 593.8 
 
0.609 0.606 0.613 
 
18.6 18.2 19.0 
 
0.678 0.670 0.686 
>135-225 min 261 (24.7%) 
 
589.0 583.8 594.2 
 
0.612 0.609 0.616 
 
18.5 18.2 18.9 
 
0.686 0.679 0.694 
>225 min 253 (24.0%) 
 
593.2 587.9 598.5 
 
0.615 0.612 0.619 
 
18.5 18.2 18.9 
 
0.687 0.679 0.694 
Time spent in active 
plays per week (%) 
                 
≤270 min 308 (29.2%) 
 
588.1 583.3 592.9 
 
0.610 0.607 0.613 
 
18.6 18.2 19.0 
 
0.683 0.677 0.690 
>270-480 min 229 (21.7%) 
 
588.4 582.8 594.0 
 
0.610 0.606 0.613 
 
18.3 17.9 18.7 
 
0.683 0.675 0.690 
>480-660 min 260 (24.6%) 
 
593.4 588.2 598.7 
 
0.613 0.609 0.616 
 
18.8 18.5 19.2 
 
0.685 0.678 0.693 
>660 min 258 (24.5%) 
 
595.1 589.8 600.3 
 
0.614 0.611 0.618 
 
18.7 18.3 19.0 
 
0.685 0.678 0.693 
Boys (n=1178)                  
Time spent in sports 
practice per week 
(%) 
                 
≤90 min 324 (27.5%) 597.1 592.0 602.3 0.621 0.618 0.624 
 
18.5 18.1 18.8 
 
0.664 0.658 0.670 
>90-162.5 min 265 (22.5%) 
 
597.3 591.6 603.0 
 
0.621 0.617 0.624 
 
18.9 18.5 19.3 
 
0.667 0.660 0.674 
>162.5-240 min 332 (28.2%) 
 
598.6 593.5 603.7 
 
0.621 0.618 0.624 
 
18.6 18.3 19.0 
 
0.665 0.659 0.671 
>240min 257 (21.8%) 
 
611.9 606.1 617.7 
 
0.632 0.629 0.636 
 
19.4 19.0 19.8 
 
0.681 0.675 0.689 
Time spent in active 
plays per week (%) 
                 
≤270 min 306 (26.0%) 
 
597.4 592.1 602.8 
 
0.622 0.618 0.625 
 
18.8 18.4 19.1 
 
0.664 0.657 0.670 
>270-510 min 284 (24.1%) 
 
600.0 594.4 605.4 
 
0.623 0.619 0.626 
 
18.7 18.3 19.1 
 
0.673 0.666 0.680 
>510-720 min 295 (25.0%) 
 
599.9 594.4 605.3 
 
0.622 0.618 0.625 
 
18.8 18.4 19.1 
 
0.668 0.662 0.675 
>720 min 293 (24.9%) 
 
606.0 600.6 611.7 
 
0.627 0.624 0.631 
 
19.0 18.6 19.4 
 
0.671 0.664 0.678 
Abbreviations: BMC: Bone Mineral Content; BMD: Bone Mineral Density; LCI 95%: Lower Limit 95% Confidence Interval; UCI: Upper Limit 95% Confidence Interval 
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a
Mean adjusted for height, weight and age. 
 
Table 4. Association of time spent in sports practice and time spent in active plays per week with bone physical properties in girls and boys. 
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Abbreviations: BMC: Bone Mineral Content; BMD: Bone Mineral Density; LS: Lumbar Spine. 
Odds ratio are adjusted for height and weight. 
Number of girls without fracture is 999 and with fracture is 56. Number of boys without fracture is 1113 and with fracture is 65. Number of fractures per category of time spent in 
active plays per week in girls is 13, 10, 13 and 20 from the lowest to the highest level of activity. For time spent in sports practice from the lowest until the highest strata the 
number of fractures is 8, 13, 18 and 17, respectively. In boys, the number of fractures per category of time spent in active plays from the lowest until the highest is 16, 22, 15 
and 12, respectively. As for time spent in sports practice the number of fractures is 20, 15, 14 and 16 from the lowest until the highest strata. 
 
Figure 2.- Association of bone physical properties with fracture history according to sex stratified by time spent weekly in active plays and in sports practice. 
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Discussion 
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By using cross-sectional data from a large population-based birth cohort we were able to 
observe that peripheral measures of bone mineral density are not a good substitute of central 
measures of bone mineral density. Furthermore, peripheral measures lack predictive 
capacity. Regarding central measures, in pre-pubertal children, these are useful to uncover 
the protective effect of increased levels of physical activity on fracture risk. 
In our study we show that peripheral measures cannot be used as a replacement for central 
measures. Previous studies support this finding, even though these were conducted in small 
sample sizes (n<60) [71] or included children in a wide range of ages (9-22 years old) [69] 
and as a consequence these may have lacked the power to identify a true effect at any given 
age. 
Regarding the predictive capacity of bone physical properties, neither central nor peripheral 
measures were able to predict the outcome under study - fracture. This is consistent with 
current literature, since DXA derived measures are used only in adults to assess the risk of 
fracture. Also this explains the lack of studies in generally healthy pediatric population, as the 
results that we report and the few studies that analyzed this question also found discouraging 
results [72, 73]. 
Therefore, peripheral measures seem to have little utility both in clinical or research settings. 
Nevertheless, associations between central measures of bone physical properties and 
fracture risk in pediatric populations have been reported in several studies, both in case-
control [40, 41] and cohort studies [43, 44]. Particularly in our study, we observed an inverse 
association between bone physical properties and fracture but in girls only. Even so, when 
compared to observations in adults, the association between bone properties and fractures in 
children is far from strong in most studies [42]. 
One potential explanation for the generally weak association between bone physical 
properties and fracture can be the complex role of physiological trauma in determining both 
fracture risk and bone properties themselves [75]. We found that boys who spent the most 
time in sports practice had increased bone physical properties comparatively to all others, 
but in girls we found no such association. The different results may be due to differential 
responses to mechanical stimulus between sexes, or can be the result of the decreased 
activity levels of girls that are not sufficient to reach the necessary threshold so that an effect 
on bone physical properties is observed [76, 77]. Nevertheless, the positive contribution of 
physical activity to bone physical properties has been reported in several studies [57-60]. 
Regarding the role of trauma in fracture risk, though some studies report that children with 
fractures are more active [78], so far, only a prospective cohort study has demonstrated that 
physical activity was an independent risk factor for fracture [56]. In our study this was not 
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evident and the lack of an association shows that, until seven years old, fractures were not 
solely explained by regular physical activity.  
As previously mentioned, it is commonly accepted that physical activity has a dual effect on 
fracture risk, which makes particularly challenging to study their associations. So far, only a 
couple of investigations studied bone physical properties, physical activity and fracture 
simultaneously, but reached different results [56, 57]. Despite this, the potential role of 
physical activity as a modifier of the effect of bone physical properties on fracture had not 
been investigated yet. As a result of our approach to physical activity as an effect modifier we 
found that the association of bone physical properties and fracture risk was qualitatively 
different between levels of physical activity, which supports our hypothesis. Indeed, for those 
in the highest category of physical activity, bone physical properties were protective of 
fracture, whereas for children with lower activity levels no association between bone 
properties and fracture was found, suggesting that in less active children fracture may result 
from severe unpredicted trauma regardless of bone strength. 
Regarding fracture occurrence, our results were generally in accordance with those 
previously reported in the literature. We found a prevalence of fracture up to seven years of 
age of 6.4%, with no significant differences between sexes. However, boys presented higher 
frequency of fractures at all ages, except at two years old, which is consistent with the 
literature. Upper limb fractures were also the most frequent in the sample (76.1%), which is 
similar to other studies [4,16,17].  
This study has unique characteristics that make it particularly valuable. First of all, the study 
sample consists of a population-based birth cohort that includes children born in a short 
period (2005/2006), which avoids several type of confounding, especially confounding by age 
and cohort effect. Furthermore, the sample used for both objectives was quite large which 
provides more statistical power than most studies conducted in other settings. Moreover, 
children were 7 years old and the question of transient skeletal fragility does not arise, thus 
the differences found are due to bone quality among children and is not confounded by the 
growth spurt transient skeletal fragility. This is particularly relevant, since previous studies 
included children already in growth spurt or with a wide range of ages [40, 41, 43]. In 
addition, this is the first study to address agreement between central measures and also to 
firstly explore physical activity as a modifier between the association of bone physical 
properties and fracture risk. 
Nevertheless, some limitations must be discussed. Fracture history was not confirmed by X-
ray; these were reported by parents and may be subject to misreporting (both under and 
overreporting) [79, 80]. Additionally, data was collected in face-to-face interview, thus subject 
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to desirability bias. Also, the study is also limited by its cross-sectional design: fracture 
history comprised lifetime history up to seven years old and the scan was only performed at 
this age. Therefore, the possibility that bone physical properties changed in this period 
cannot be discarded. Nevertheless, some degree of tracking is expected - there are studies 
reporting that BMD and BMC tracked significantly from pre-pubertal years until the end of 
adolescence [30, 31]. It is also possible that physical activity practice may have changed 
between fracture occurrence and DXA assessment. Lastly, in our study we were not able to 
study reproducibility since repeated measures were not taken. This may have hindered the 
interpretation of results because if one of the methods would have poor repeatability, as a 
consequence the agreement between methods would also be poor [81].  
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With this study we observed that peripheral measures are not a good replacement for central 
measures of bone physical properties. Also, neither peripheral nor central measures of bone 
physical properties were able to accurately predict fracture. Our results show that peripheral 
measures have limited usefulness both in research and in clinical settings. One of the main 
applications would be to create reference curves, however, peripheral measures do not rank 
children in BMD distributions similarly to BMD central measures distribution. Regarding 
individual risk stratification, peripheral measures cannot be used to identify children at a 
higher risk of fracture. 
Regarding central measures, though these are also not able to predict fracture risk, 
associations with increased fracture risk have been reported. We found that decreased bone 
physical properties were associated with fracture risk, but only in girls. In addition, we found 
that physical activity is a modifier of the association between fracture risk and bone physical 
properties: the association between bone physical properties and fracture risk was 
qualitatively different in different levels of physical activity. For those children with a higher 
level of physical activity, bone physical properties were protective of fracture. Thus, in 
prepubertal healthy children, higher levels of exertion seem necessary to observe a 
protective effect of bone physical properties on fracture. 
Ultimately, with this study we show that peripheral measures have limited utility both in 
research and clinical settings. In turn, central measures are useful in research on normal 
bone development, since already at pre-pubertal ages is possible to observe an association 
between decreased bone physical properties and fracture risk, even that this is greatly 
mediated by physical activity. This finding supports the life course approach to bone health in 
older ages; most studies so far extended only from puberty onwards, our study adds that 
even in an earlier prepubertal period of childhood differences in bone quality are already 
observable.  
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